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1 .
I N T R O D U C T I O N .
The increasing need for protein-rich food to 
improve the nutritional state of some population-groups 
in the world has repeatedly been stressed upon during the 
last decade.
The sea offers a unique source of proteins that 
could be able to meet the worlds' need.
Due to the high perishability of fish, a major 
problem however still exists: how to transport fresh fish 
from the point of origin to the areas of consumption.
This unfavourable situation has stimulated 
research on new methods for preserving protein-rich 
foodstuffs.
Gamma irradiation has suscitated much interest 
during the past ten years.
The récognition of the unique rôle of fish and 
seafoods in the world protein supply on one side and the 
potentialities of gamma irradiation as a food préservation 
method on the other has stimulated the élaboration of 
research and development programs in many countries ail 
over the world.
These programs have been pursued with three main 
objectives :
a. To develop radiation-pasteurization procedures
for seafoods, especially those which have defied
other methods of préservation.
b. To use an appropriate combination of conventional 
préservation techniques with irradiation so as to 
minimise the limitations of either method, there- 
by improving product quality and extending shelf- 
life.
c. To demonstrate to the satisfaction of health 
authorities that no deleterious effects resuit 
from a feasible radiation processing.
The many symposia and meetings during the last 
two decades yet indicate that the field of radiation pré­
servation of foods is a cosmopolitan one.
on this world basis the radiation processing 
of foods has progressed to the stage that approval has 
been given in certain countries for the marketing and 
limited consumption of individual types of food, such as : 
potatoes and onions irradiated for sprout inhibition ; 
wheat and wheat products, dried fruits and dried food con­
centrâtes irradiated to extend the market life.
Although extensive work has been done on fresh 
fish, shrimp, crab, lobster and other types of fishery 
products it vas realized that more fundamental work was 
needed to resolve the many problems connected with te 
irradiation of these products.
This work aims to contribute to the fundamental 
knowledge of the food irradiation process.
S C O P E  O F  T H E  W O R K .
1. problems in preserving shrimps.
The brown shrimp (crangon vulgaris Fabr.) is an 
important and typical crustacean in western Europe. This 
crustacean is classified in the sub-class of the Malacos- 
traca, order of the Eucarida, sub-order of the pecapoda.
Shrimp landings represent only 1% of the total 
catch of marine products in the E.E.C. (Tab.i) ; however, 
since the crangon vulgaris Fabr. landings are mainly 
concentrated in the common parket countries, the above 
figure represents in fact 90% of the shrimp catch on a 
world scale (Hovart et al. 1972).
During the last five years landings averaged 
19,000 tons a year in the E.E.C. and were equivalent to 
a surn of 12 million dollar.
unpreserved, boiled shrimps are highly perishable 
and often spoil within a few days after catch, even when 
stored at chilling temperatures.
The major factors that influence the keeping 
qualities of shrimps can be summarised as follows :
- A high content of extractable nitrogen compounds 
and a relatively large body surface causes the micro- 
organisms,especially the psychrophiles,to proliferate, 
causing putrifaction.
- After the boiling process on board, the shrimps 
are cooled with sea-water. Even when sea-water is not 
used reinfection from the air occurs.
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- After landing arbitrary methods of handling 
and processing besides the prevalence of unhygienic 
practices, favour several microbial reinfections and 
increase the bacterial load of the shrimps to 10^/g before 
being sold at the retail outlet (Early et al. 1970,  van 
Spreekens et al. 1970 and vyncke et al. 1972) .
- Ludorff et al. (1958) and Degkwitz et al. (1954) 
showed the importance of an active proteolytic enzyme sys- 
tem that is not fully destroyed during the boiling process.
The boiling time and the boiling temperature are 
in this case at least two important factors to control 
enzymatic détérioration.
- During periods of glut (hand)-pealing of shrimps 
causes serious problems due to a lack of adequate pealing 
machines with an adverse effect on the hygienic and 
organoleptic quality of shrimps destined for inland dis­
tribution.
- Hitherto, the shrimp has been preserved for 
longer periods by the use of antiseptics (usually benzoic 
acid or its salts, sorbic acid, parahydroxybenzoic acid 
esters (PHB) etc.) although this method has its limits as 
veil.
ice-storage does not extend the storage life 
beyond 7 days for there is rapid spoilage due to psychro- 
philic organisms.
Canning, freezing or freeze-drying change the 
quality to a greater or less extent.
Some of the problems encountered in conventional 
préservation of the shrimp are listed in Tab. 11.
process Defects (storage properties)
Réfrigération (5 -1 0°  c ) Short shelf-life (3-4 days)
ice storage (o-2°  c) Limited shelf-life (5-7  days)
Deep freezing ( - 20° c ) oxydation and déshydratation alter textural-, 
and organoleptic quality (flavor, color)
Heat pasteurization (70-80° c) - Extended shelf-life (20-30 days)
- perceptible altération in organoleptic 
properties
Chemical préservation - Limited effectiveness
- shift in microflora
- Chemical détérioration.
2 . Radurization of the brown shrimp.
in view of the shortcomings of the conventional 
methods in preserving this for the E.E.C. economically 
important crustacean, application of irradiation was ex- 
pected to offer very promising advantages, especially to 
Belgium, the Netherlands and west-Germany.
Meantime it is commonly accepted that radapper- 
tisation of marine products is not a feasible commercial 
procedure, though it is of academie interest, since during 
this processundesirable sensory- and flavour changes are 
produced (coleby et al. 1961, Kumta et al^ 1966 and shewan 
et al. 1970).
interesting information can be drawn from the 
radurization of a variety of the commoner commercial 
crustacea, ail of them having a high content of extractable 
nitrogen compounds, a high content of unsaturated fatty 
acids and containing typical carotenoid pigments (Tab. 111).
Although radurization appears feasible, additional 
research is needed to solve specific problems and to obtain 
the information necessary for a better understanding of 
the mechanisms involved in each biological system.
C r u s t a c e a n St o r a g e  
temp. c c
p a c k a g i n g D o s e  level 
of i r r a d i a t i o n  
in M r a d
S h e l f - l i f e
(days)
Re f e r e n c e s
p a n d a l u s 3 tin 0 42 S c h o l z  et al
jordani v a c u u m 0 . 5 0 - 0 . 7 5 126 (1962)
p e n e a u s  st y l i f e -
ra a n d  M e t a p e n e a u s
species
- fresh 0- 2 p o l y e t h y l e n e 0 7 K u m t a  et al
bags (1 9 7 0 )
0- 2 " 0 . 1 5 - 0 . 2 5 21
10-12 * 0 . 1 5 - 0 , 2 5 14
- b l a n c h e d 10-12 * 0 21
(l00° C / 4  min.) 10-12 * 0 . 1 5 - 0 . 2 5 56
0- 2 " 0 . 1 5 - 0 . 2 5 84
- b o i l e d  ( 100° C / 2 8 - 3 4 - 0 3
100 min.) 28 - 3 4 * 0 . 1 5 - 0 . 2 5 56
H o m a r u s  am e r i c a n u s 0 c e l l o p h a n e - 0 14- 21 S l a v i n  et al
p o l y e t h y l e n e (1966)
0 " 0 . 0 7 5 2 8 - 3 5
1 " 0.15 30
N e p h r o p s  norv e - 0-1 p o l y e t h y l e n e 0 28 H a n n e s o n  et
gtcus al (1971)
c a n c e r  m a g i s t e r 0. 5 p o l y e s t e r - p o l y ­ 0 6 -14 M i y a u c h i  et
e t h y l e n e  (vacuum) al (1967 and
" 0.1 14-35 1968)
0.2 21 - 5 6
5.5 - 0 2-9
" 0.1 14-21
0.2 21
3. Research project.
The research of the Laboratory of Food préser­
vation is mainly focused on programs studying the effect 
of physical préservation methods on the organoleptic 
quality parameters of foodstuffs.
The colour of food is an important factor de- 
termining its quality and acceptability. changes in 
colour are often considered to be a possible sign of 
spoilage, poor processing or as an indication of adultéra­
tion.
A fundamental study of the influence of gamma 
irradiation on the carotenoid pigments in the brown shrimp 
(çrangon vulgaris Fabr.) could be useful to determine 
the optimum irradiation dose for inactivating psychrophilic 
spoilage organisms and for maximum rétention of the or­
ganoleptic attributes.
Since the pigments of the brown shrimp have as 
far as we know never been studied before, purification 
and identification of the carotenoids in boiled and un- 
boiled shrimps were carried out.
The influences of gamma irradiation on carotenoids 
in vivo and in vitro were compared.
C H A P T E R  I
GENERAL ASPECTS OF CAROTENOID CHEMISTRY.
1. introduction.
in the first half of the 1 9 ^  century the occur­
rence of carotenoid pigments in the vegetable- and animal 
kingdom vas detected.
It has been estimated that the annual production of these 
pigments in nature amounts to about 100 million tons 
(isler, 1971).
The carotenoids belong to the class of polyenes 
and represent the most unsaturated mass products of bio- 
synthesis (zechmeister, 1962).
scheme 1 places carotenoids in a vide biosyn- 
thetic perspective.
Most naturally occurring carotenoids are tetra- 
terpenes, having 8 isoprenic building blocs, assembled 
in such a vay that the linking of the isoprene units is 
reversed in the middle of the molecule (Goodvin, 1965).
Attention must be dravn to the fact that tvo 
units combine similarly to give squalene, being a 
key compound in the synthesis of sterols. Although cycli- 
zation is not so extensive as in the triterpenes (e.g. 
sterols) carotenoids may be cyclized.
A detailed discussion of the biosynthesis and 
the in vitro synthesis of the carotenoids goes beyond 
the scope of the present survey and the reader is referred 
to pertinent reviews (nayer et al. 1971 and Goodvin, 1971).
The ability to produce carotenoids seems to 
have been developed at an early stage in évolution.
Some bacteria, the algae and higher plants preserve this 
capability, but animais, certainly those of the higher
i s o p e n t e n y l  p y r o p h o s p h a t e  (ipp) 
C^ - u n i t
S q u a l e n e  ^  
C ^ - u n i t
D i m e r i z a t i o n
G e r a n y l  p y r o p h o s p h a t e
Cio"""*'
IPP^
F a r n e s y l  p y r o p h o s p h a t e
M o n o t e r p e n e s
T r i t e r p e n e s  s t e r o i d s
S t e r o i d  h o r m o n e s
IFP.
c a r o t e n o i d s
v i t . A  a p o c a r o t e n o i d s  
H i g h e r  c a r o t e n o i d s
CgQ-unit
5IPP
(?)
S o l a n e s y l  p y r o p h o s p h a t e
C . - - u n i t45
IPP
1
Solanesyl 50-pyrophosphate
C ^ - u n i t
S e s q u i t e r p e n e s
C o l o u r l e s s  c a r o t e n o i d s  panterizat ion * ^ ^ ^ " ^ ^ g e r a n y l  p y r o p h o s p h a t e  -----^  D i t e r p e n e s
U b i q u i n o n e  45 
(side Chain)
p l a s t o q u i n o n e  50 
(side chain)
— ^ u b i q u i n o n e  50 
(side chain)
S c h e m e  1 . ç e n e r a l i z e d  s c h e m e  fo r  b i o s y n t h e s i s  of t e r p e n o i d s  ( Goodvin 1965 an d  1 9 7 1 ).
orders, seem to depend for their carotenoids on those 
present in their diet. However, subséquent transformation 
of carotenoids, obtained from the diet, sometimes leads to 
characteristic animal pigments that are not found in or- 
ganisms capable of carotenogenesis de novo (weedon, 1971).
2. çarotenoid nomenclature.
Carotenoids can be subdivided into two main
groups :
A. Hydrocarbons, vhich are called "carotenes".
B. oxygen-containing derivates, vhich are called 
"xanthophylls".
A. carotenes.
Many natural carotenoids can be formally derived 
from the "parent" carotenoids listed below.
Me
The used numbering of the atoms on the carotenoid 
skeleton in this work is illustrated in the example of 
P-carotene.
in many ways the acyclic compound lycopene can 
be taken as the prototype of the carotenoids. other caro­
tenoids can then be considered as related to it by means 
of structural changes in one or both halves of the molecules.
Thus p-carotene can be regarded as a bicyclic 
lycopene. Though it is often convenient to stress such 
structural relationships to identify different classes 
of carotenoids, it is not intended to suggest that in 
nature the corresponding transformations necessarily in- 
volve the specific precursor mentioned, nor that the trans­
formations themselves are as simple as a superficial 
inspection of the gross structures might imply.
B. xanthophylls.
Though the numbers of basic structural modifi­
cations are comparatively few, their occurrence in dif­
ferent combinations accounts for the remarkable variety 
of natural carotenoids. The majority of the 300 known 
carotenoids are oxygenated and called xanthophylls.
The oxygen in xanthophylls may occur as hydroxy-, carboxy-,
keto-, methoxy- or epoxy- groups.
Most substituents are in the position 1 to 6 and 
1' to 6 ' although the 5-8 epoxydes (being the furanoid 
transformation products of the carotenoid 5-6 epoxydes) 
are the main exceptions of this généralisation.
in most c^Q-carotenoids such as a-carotene, 
p-carotene, their hydroxylated derivates etc. the bond 
between c^ and C- is a single bond and the compounds 
have the normal (cyclohexenyl) structure.
in less frequent instances a double bond occurs
between and C- and then a retro (cyclohexylidene) 
o 7
structure is obtained.
The structure of carotenoids with somewhat 
special structures can be found in an excellent review 
by isler (1971).
3. cis-trans isomerism.
Carotenoids and related multiconjugated systems 
constituée a unique case among low-molecular weight 
substances because calculation of the numbers of geome- 
trical isomers, theoretically possible for a given caro­
tenoid, leads to some rather daunting figures (zechmeister 
et al. 1943 and xuhn et al. 1928).
For a conjugated system with n-non-cyclic double 
bonds, the number of stereoisomers N is given by the 
équations :
Fortunately a vide gap exists between the number 
of calculated- and observed spatial forms of carotenoids.
acyclic polyene chain of carotenoids into two types : those 
for which the adoption of a cis-configuration involves very 
little steric hindrance (between two hydrogen atoms), and 
those for which a cis-configuration leads to a serious 
clash between a methyl- and a hydrogen atom.
The methyl-substitutéd double bonds of p-carotene 
for example fall into the unhindered category as do the 
15-15' double bonds present in most carotenoids.
Ail other disubstituted double bonds are adjacent 
to a methyl side-chain and therefore fall into the second 
category.
A cis double bond located in a polyene chain will 
have the orientation : ^ u
N = 2^ for unsymmetrical systems.
N = . ( 2 ^ " ^ / ^  + 1) for symmetrical systems,
n odd.
N = 2*^'^ . (2^/^ + 1) for symmetrical systems, n even.
pauling (1939) divided the double bonds in the
H H
\
C =  C
=  C
X X
X and X' represent either hydrogen atoms or methyl groups.
The pauling classification is useful to indicate 
the double bonds about which stéréomutation is most likely 
to occur.
Furthermore, in practice, relatively few isomers 
constitute the bulk of the mixtures produced by stéréomu­
tation, as would be expected on purely statistical grounds.
As it is indeed difficult or impossible to over- 
come the energy barrier in a direct process, trans-hindered 
cis, a number of these sterically hindered isomers have 
been obtained by total synthesis (nayer et al. 1971).
zechmeister and his collaborators (1962) have 
shown that most, if not ail, carotenoids in vitro can be 
converted into mixtures of geometrical isomers by several 
methods.
The carotenoids, so far studied, conform to the 
général rule that in each stereochemical set the least 
soluble and the highest melting member is the all-trans 
compound.
Because of stéréomutation on fusion, some cis- 
isomers exhibit the phenomenon of a double melting point.
in the presence of an asymmetrie carbon atom, 
trans-cis rotations involve changes in optical activity.
Empirically it has been shown, in the absence of 
a pertinent theory, that the geometrical configuration 
of a carotenoid has a profound influence on its adsorption 
affinity ; this means that the séparation of even compli- 
cated mixtures of isomers can be easily realized by chro- 
matography.
unfortunately theory is lagging behind practical 
expérimentation in this field, probably because very little 
is known about the orientation of individual carotenoid 
isomers on active surface and about the strenght of the 
adsorption forces as a function of the molecular form 
(zechmeister, 1962).
4. Visible and u.v. absorption spectrophotometry.
Since the absorption spectrum of a carotenoid 
(shape of the curve, position and intensity of the maxima) 
affords the best indication of the chromophore present, 
the carotenoids have received a good deal of attention 
from spectroscopists. some of the corrélations of 
absorption properties with structure will be briefly sum- 
marized since they have greatly helped in the identifica­
tion of individual pigments.
The structural features in hydrocarbons, affec- 
ting the absorption, are the number of conjugated linkages, 
open chain-ring isomerism and cis-trans isomerism.
The effects of auxochromic substituents (hydro- 
xyl-, carbonyl-, allenic-, acetylenic- or aromatic groups) 
have also been studied. Finally it must be kept in mind 
that the absorption spectra of all carotenoids are dépen­
dent on the solvent (nuch of the data have been collated 
by xarrer and jucker (1948), Davies (1965) and zechmeister 
1960 and 1962).
a) of the carotenoids, lycopene, possessing 
a chromophore that consists of an all-trans polyene system, 
exhibits a spectrum vith veil defined fine structure and 
with absorption maxima at the longest wavelengths.
When the chromophore extends into one or two cyclic end
groups (X-carotene andp-carotene) a partial loss of fine 
structure, a hypsochromic- as well as a hypochromic shift 
are observed. These shifts are due to the steric hindrance 
between the ring methyl groups and the acyclic polyene 
chain, resulting in a non planar structure that limits 
the overlap of the orbitals associated with the ring double 
bond and those of the polyene chain.
in Fig. 1  ^ the ultraviolet and visible light 
absorption spectra of y-carotene, p-carotene and lycopene 
are drawn.
Conjugation of the polyene-chain with a keto- 
group in (echinenone) results in a hypochromic effect, 
while bathochromic shifts are observed with a complete 
loss of fine structure. The introduction of a second con- 
jugated keto-group in the c^' position causes a small 
bathochromic displacement of the broad absorption maximum.
Fig. Ip shows the ultraviolet and visible light 
absorption spectra of p-carotene, echinenone and cantaxan- 
thin.
introduction of a hydroxyl group in and/or in 
C^' results in very little change either in the position 
of the absorption maxima or in the spectral shape.
Epoxidation of a carotenoid removes an ethylenic 
linkage from the conjugated system and causes a correspon- 
ding hypsochromic shift.
b) cis carotenoids exhibit light absorption of 
lower intensity than their all-trans isomer and as a 
général rule, the principal light absorption maxima are 
shifted to shorter wavelengths (ca. 2-5 nm for one - and 
ca. 10 nm for two sterically unhindered cis double bonds).
nm A
Fig. 1  ^ ultra violet and visible light absorption
spectra of lycopene (.... ), y-carotene (----- )
and p-carotene (----- ) in petroleum ether.
350 450
nm
Fig. I2 Ultra violet and visible light absorption
spectra of p-carotene (----- ), echinenone
(----- ) and canthaxanthin (.....) (in petro­
leum ether).
One of the most noticeable features in the spectra 
of mono- (unhindered) cis carotenoids is the appearance of 
a subsidiary peak in the near ultraviolet région. The 
wavelength différence between this 'cis-peak' and the longest 
wavelength maximum of the all-trans compound is practically 
a constant (142 + 2 nm for carotenoids possessing 10 or 
11 conjugated double bonds (zechmeister et al. 1943).
This effect is demonstrated for p-carotene and 
its central 15-15' cis-isomer in Fig. 1 .^
Theoretically it has been predicted that the 
intensity of the cis-peak will be roughly proportional 
to the square of the distance between the centre of the 
conjugated system and the mid-point of a straight line 
joining its two ends (i.e. zero in the case of the all- 
trans isomer).
According to this prédiction the central-cis 
isomers, which have been prepared in a number of series 
by unambiguous total synthesis,have more intense cis- 
peaks than any of the other possible cis-compounds (zech­
meister, 1962).
Since the intensity of the cis-peak seems to 
depend primari^y on the overall shape of the chromophore, 
it is hardly surprising that neither the poly-cis, nor 
the authentic di-cis isomers exhibit a significant absorp­
tion in this région, m  both instances the molecules appro- 
ximate the linear shape of the all-trans form.
Few authentic examples are known of carotenoids 
with hindered-cis bonds, it is obvious however, that 
sterically hindered isomers exhibit "degraded spectra" with 
little fine structure and with maxima that are of much 
lower wavelength and intensity than the all-trans isomer. 
Although the evidence is not conclusive, mono-hindered cis
Fig. 1  ^ Ultra violet and visible light absorption
spectra of p-carotene (----- ) and 15, 15' -
cis - j3-carotene (----- ) (in hexane).
compounds also seem to exhibit cis peaks (zechmeister, 
1962 ).
c) when the absorption spectrum of a pure caro- 
tenoid is determined in different solvents slight diffé­
rences both in the location and in the intensity of the 
absorption bands are usually observed. These solvent 
shifts should be correlated to the solvent-solute inter­
actions in the ground state and in the excited state.
Such interactions depend on the polar or apolar natures 
of both the solvent and the soluté and also on any change 
in polarity of the soluté on excitation. Hence the direc­
tion of the solvent shift may depend on either the dipole 
moment of the chromophore increases or decreases during 
transition (Mousseron-canet et al. 1969, Stern and Timmons 
1970).
in carotenoids the transitions ^ ^ usually
undergo red shifts with increasing dielectric constant of 
the solvent.
Solvent effects on the location of absorption 
bands of carotenoids are tabulated by Davies (1965).
5. carotenoproteins.
A. Nature of the compounds.
It has long been argued whether carotenoids 
participatë in biological processes in the free state or 
as conjugates. on that basis the carotenoproteins, defined 
as those proteins in vhich carotenoids are present in 
stoichiometric proportions as prosthetic groups, acquire 
considérable importance.
Although more than 30 years have passed since 
the isolation of ovoverdin, the carotenoprotein of lobster 
egg, (xuhn et al. 1938 a and 1938 b), remarkably little is 
known of the chemistry and biochemistry of carotenoproteins. 
Revievs of the earlier observations are made by verne (1926, 
1930) and by Lederer (1935).
It is nov found that carotenoproteins occur 
widely among invertebrates, particularly in crustacea, 
but it may be assumed that their occurrence is ubiquitous 
in nature (cheesman et al. 1967).
in their reviev the same authors define the 
different types of carotenoproteins.
a) in 'true carotenoproteins' there is a well- 
established stoichiometric relationship between carotenoid 
and protein. A relationship as such must involve the 
presence of specific sites for attachment of the caro­
tenoid on the protein, resulting in a far-reaching change 
in the absorption spectrum of the former. The authors 
postulate that a true carotenoprotein is present in a crude 
aqueous extract when treatment with heat or organic solvents 
results in libération of the carotenoid, the spectral 
characteristics of which are masked in such a complex, so 
far, only three carotenoproteins have been isolated in a 
state in vhich they satisfy the requirement of stoichiometry.
- crustacyanin, the blue protein of lobster 
carapace (wald et al. 1948, jencks et al. 1964, Cheesman 
et al. 1966) seems, after removing the carotenoid, to be 
a simple protein with no components other than amino acid 
residues.
- ovoverdin, the green storage protein of 
lobster eggs (xuhn et al. 1938, Stern and salmon, 1937,
1938) has been proved to be a lipoprotein with a large
prosthetic group, particulary rich in phospholipids (appro- 
ximately 22% in weight) (zagalsky, 1964 and ceccaldi et 
al. 1966). Furthermore, the complex contains a carbohydrate 
component consisting of hexosamine and a non-amino-sugar 
residue, amounting to approximately 4.8% of the whole.
- ovorubin is a red glycoprotein isolated from 
the gastropod pomacea canaliculata (cheesman, 1958 and 
Norden, 1962).
b) in the so-called lipoproteins with a lipid- 
associated carotenoid, the carotenoid is part of a large 
lipid prosthetic group. Hereby stoichiometric relation- 
ship between carotenoid and protein remains unproved. 
Nevertheless such substances sometimes appear to show 
specificity in their affinity for carotenoids.
in such complexes, the carotenoid may include a 
number of molecular species in different proportions and 
it might seern that the molecules were 'dissolved' more or 
less indiscriminately in the lipid component (cheesman, 
1967).
in the absence of more précisé analysis several 
of the carotenoproteins of invertebrates listed by 
Cheesman (1967) are included in the category of relatively 
unspecific complexes.
B. General propertjes.
All the carotenoproteins yet examined are readily 
split into carotenoid and apoprotein by treatment of an 
aqueous solution with acetone or ethanol, which suggests 
that covalent bonds are not involved in the combination. 
Relatively few data are available with respect to the 
molecular dimensions of carotenoproteins. The chemical
and physico-chemical properties of crustacyanin only, 
have been intensively investigated by a number of workers 
(jencks et al. 1964, Cheesman et al. 1966, xuhn and KUhn 
1967, Buchwald and jencks 1968). The native form of the 
protein, a-crustacyanin, shows by a combination of sedi- 
mentation- and diffusion measurements a molecular weight 
of about 380,000 (Gammack et al. 1971).
With respect to the molecular dimensions of the 
other proteins pertinent references are compiled in the 
reviews of cheesman et al. 1967 and Thommen 1971.
Carotenoids, isolated from carotenoproteins of 
invertebrates, include astaxanthin and its esters, 
canthaxanthin, j9-carotene, xanthophylls, bile pigments and 
others, found as accompanying or associated pigments 
(cheesman et al,1967).
A characteristic of the spectra of the majority 
of carotenoproteins is a more or less pronounced batho- 
chromic shift of the main absorption bands of the caro­
tenoids ; rather exceptionally, a hypsochromic effect is 
noticed (jencks and Buten 1964).
From literature it is also evident that a high 
variability of spectra can be obtained with closely re- 
lated- or identical prosthetic groups and a series of 
different apoproteins (cheesman et al. 1967).
The absorption spectra of a well-established 
carotenoprotein is shown in Fig. 1^.
only different hypotheses about the nature of 
the carotenoid-protein linkages have been argued by several 
authors (cheesman et al. 1967).
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Fig. Absorption spectra of crustacyanin and ovorubin.
-----  Crustacyanin (img/ml) in o.2M-Na-x
phosphate buffer, pH 7.
-----  Ovorubin (img/ml) in water.
(after cheesman, zagalsky and ceccaldi, 1966 and 
Cheesman, 1958, respectively).
The nature of the carotenoid prosthetic group as 
well as the amino acid composition and properties of the 
apoprotein moiety determine the conditions of protein- 
carotenoid interaction (zagalsky et al. 1970 and 1972).
C. possible functions of carotenoproteins.
1) The stabilizing influence of the carotenoid 
on the protein structure, particularly the control of the 
protein configuration, has recently been reviewed by 
Cheesman et al. 1967 and zagalsky et al. 1972.
Such observations, together with the common 
experience that protein-associated carotenoids are much 
less susceptible to photo-oxydation than those in free form, 
constitude ample evidence for mutual stabilization of caro­
tenoids and proteins.
2) carotenoproteins are generally found in two 
body areas :
- the exoskeletons and epidermis
- the eggs and ovaries.
This occurrence and the characteristic change 
in colour often accompanying the combination of carotenoids 
and proteins reveal the probable rôle of carotenoproteins
in protective coloration.
This protective coloration can conveniently 
be grouped into tvo catégories. The first category involves 
the use of colour as a means of concealment, associated ivith 
predator-prey relationships.
in the second category carotenoproteins may 
protect several biological tissues or functions from the 
deleterious effects of radiation, although in many papers
(mentioned by cheesman et al. 1967) no experimental evidence 
vérifiés the suggested effects.
No reports available, in which the occurrence and 
distribution of carotenoids in reproductive structures are 
discussed, give an adequate explanation for this phenomenon 
in terms of a fundamental participation of carotenoids in 
reproduction (xrinsky, 1971 and cheesman et al. 1967).
3) Miscellaneous functions.
The possibility that carotenoids instead of 
vitamin A may be coupled to a photosensitive pigment complex 
in crustacea has been streased by wolfe and cornwell (1965).
isolation of a carotene-protein complex from 
spinach chloroplasts that catalyses the photoreduction of 
cytochrome indicates the enhanced electron donor and electron 
acceptor capacities of carotenoids by their binding to 
proteins (xahn and chang, 1965 and xrinsky, 1971).
A discussion of further participation of 
carotenoids in a variety of possible functions goes beyond 
the scope of this work and is amply discussed by cheesman 
et al. (1967) and xrinsky (1971).
C H A P T E R  II
STUDY OF THE CAROTENOIDS AND CAROTENOPROTEINS
IN THE BROWN SHRIMP (CRANGON VULGARIS FABR.).
introduction.
Although the carotenoids of many species of 
Crustacea have been studied in detail, no vork is available 
on the Brovn shrimp (çrangon vulgaris Fabr.).
in the majority of the investigations on the 
pigmentation of the crustacea, astaxanthin vas found to 
be very abundant and more or less characteristic of the 
class.(isler, 1971, czerpak and czeczuga, 1969  ^ MC Beth, 
1970, Tsukuda, 1963 and czeczuga, 1973).
Furthermore the presence of astaxanthin in the 
form of protein complexes seems likevise to be characte­
ristic.
The present chapter deals vith the quantitative 
extraction of carotenoids from boiled unpeeled shrimps. 
Research on the identification and purification of the 
carotenoids in the boiled shrimps is reported.
The extraction of carotenoproteins from unboiled 
shrimps and the carotenoids bound to proteins in these 
complexes are discussed.
A. carotenoids in the boiled shrimp.
1. Materials and methods.
1.a. Materials.
The common shrimp vas caught in the North sea a 
fev miles off-shore by the "ostend 100" fishing boat and 
boiled aboard in brine for an average time of 7 minutes.
Following the catch the shrimps were frozen in liquid 
nitrogen and stored. in this way the samples were trans- 
ported to our laboratory for further analysis.
Samples of authentic carotenoids were used as 
standards for comparison with the shrimp pigments : 
P-carotene and canthaxanthin were kindly supplied by 
F. Hoffman-La Roche, Basel (switzerland). AStaxanthin was 
extracted from salmo salar samples, kindly supplied by 
dr. ir. w. vyncke (ninistry of Agriculture, Fisheries 
Research station, ostend Belgium). Astacene was formed 
by saponification of astaxanthin.isozeaxanthin was ob- 
tained after borohydride réduction of canthaxanthin.
l.b. Methods.
1 .b.i. Extraction of carotenoids from boiled shrimps.
Ail extractions were carried out in dim light.
a. Extraction according to Bligh and pyer (1959).
Several authors (Damman and salwin, 1966, Lusk 
et al. 1964, Feys, 1973) have used this method for total 
lipid extraction.
in this study the method was modified as follows : 
40 g aliquots, mixed with 80 ml of chloroform (Merck p.a.) 
and 100 ml of methanol (Merck p.a.) were homogenized for 
4 minutes using a sorvall omni-mixer. To the homogenate 
an additional 80 ml of chloroform was added and blended 
for 1 minute ; subsequently 80 ml of distilled water was 
added and blending was continued for another minute. The 
homogenate was filtered through a S&S n° 604 filter on a 
Büchner funnel under slight suction.
The filtrate was transferred into a separatory 
funnel and given a few minutes to stand for complete sépa­
ration and clarification ; subsequently the chloroformic 
layer was removed. This fraction was dried over anhydrous 
sodium sulphate (Merck 6649) ,  evaporated to dryness under 
reduced pressure and redissolved into 5 ml of P . E * .
b. çontinuous extraction procedure.
An adaption of the method as described by Maes
(1962) vas used. Extraction was carried out using 300 ml 
of the following solvent systems :
1 ) P . E .
2) hexane - acetone - ethanol - toluene (10 : 7 : 6 : 7 ) .
3) Hexane* - acetone (3 : 7).
4) P.E. - acetone ( 1 : 2 ) .
5) Acetone.
A 40g sample was dried by homogenizing with 100g 
of anhydrous sodium sulphate in a sorvall omni-mixer. The 
dried sample was furtherly ground in a mortar with 100g of 
seasand (Merck 7712)  and transferred into the extraction 
column (length 30 cm ; diameter 3 . 5  cm), of the solvents
listed above, 50 ml were added to the column and allowed
to stand for 30 minutes ; subsequently the remaining 250 ml
* The abréviation p.E. is used to characterise the petroleum 
ether fraction with a boiling range of 40°-60° C ; by 
high-boiling p.E. the petroleum ether fraction with a 
boiling range of 100°-140° C is meant.
* The hexane used in ail our experiments in this work was 
n-hexane.
were added. The pigments extracted in this way were trans- 
ferred into P.E.
c. Extraction by homogenizing the tissues with 
acetone.
The material to be extracted was repeatedly homoge- 
nized in acetone until no further pigments could be extracted 
(Holter, 1969). The different acetone solutions were combi- 
ned and concentrated under a stream of nitrogen or under 
reduced pressure. The pigments were transferred to P.E. 
as described above.
Fox et al. (1962, 1965, 1967) usually used ethanol 
instead of acetone as an extraction agent since the latter, 
while excluding phospholipids, tends to create troublesome 
émulsions, when diluted with water and shaken with p.E. 
Furthermore, in contrast to ethanol, acetone is more diffi- 
cult to wash free of p.E.
1.b.2. Quantitative détermination of carotenoids.
The total pigment content was determined spectro- 
photometrically using the équation as described by 
Davies (1965)
v _ E . y ________
- 1°°
in this formula x expresses the weight (in g)
of a carotenoid dissolved in y ml of a given solvent.
values of the are available for most carotenoids1 cm
(Davies, 1965).
Since in the case of shrimps neither the structure 
of the different carotenoids present, nor the différences
in molar extinction coefficient were known, the pigment 
concentrations were arbitrarily expressed as ^g p-carotene 
per gram fresh or dry weight.
A value of 2505 was taken for the of p-carotene in
P.E. at 451 nm.
spectrophotometric measurements were carried out using a 
Hitachi-perkin Elmer, Model 124,.double beam spectrophoto- 
meter.
1.b.3. chromatographic analysis.
a. column chromatography.
The initial séparation of the carotenoids from 
the crude shrimp extract was made on silicagel (Machery,
Nagel and Co.). The following procedure was developed, 
using glass columns, 2.5 cm in diameter and 20-30 cm in length 
(type VEL, 93D x 30 with a p^ filter).
prior to use, the silicagel was washed with methanol in
order to elute all impurities. After drying the silicagel 
in an oven at 120° C overnight, the columns were filled 
with a slurry containing 24g silicagel in high-boiling p.E.
A freshly prepared carotenoid extract in p.E. was trans- 
ferred into the column and eluted with high-boiling p.E. 
containing increasing amounts of acetone. The eluted 
fractions were evaporated under vacuum to dryness and the 
residues redissolved in a few ml of hexane or p.E.
b. Thin-layer chromatography.
Thin-layer chromatography was also used to se­
parate and identify the carotenoid pigments and the lipid 
fractions in a total pigment extract.
6og Silicagel G (Merck 7731)  was slurried in 
120 ml of distilled water and spread on 5 plates (glass,
20X20 cm) with a layer thichness of 0.5 mm. After drying 
the plates in an oven at 60°C for 4 hours, they were 
washed by developing in methanol p.a. in order to remove 
any trace of impurity from the adsorbing layer. The plates 
were then activated in an oven at 120°C for two hours and 
stored in a dessicator at room temperature.
An initial séparation of the crude extract was 
achieved by TLC with the solvent mixture high-boiling p.E.- 
isopropanol (Merck p.a.) and distilled water in the pro­
portions : 100/ 12/0 .5 .
in order to liberate the different carotenoid 
fractions from lipid components different solvent mixtures 
were used as mentioned in the discussion.
The presence of lipids was checked on the tnin- 
layer plates by spraying with 2',7 ' - dichlorofluorescein.
c. ças-liquid chromatography.
The fatty acid esters of the carotenoid fractions 
were converted into their respective methylester derivatives 
using the micromethod for interesterification with HCl 
or H^SO^ in anhydrous methanol as described by stoffel et 
al. 1959 and Marinetti 1967.
When the esterification was completed the reaction 
mixture was cooled at room temperature ; two volumes of 
distilled water were added and the methylesters were 
extracted three times with 3 ml portions of P.E. The com- 
bined p.E. extracts were furtherly washed with water, 
dried over anhydrous sodium sulphate and transferred into 
a micro-sublimation apparatus. After evaporating the p.E. 
fraction, the methylesters residue was sublimated at 6o°C 
and at a pressure of 0.2 - 0.25 mm Hg. At the end of the 
distillation period (30 minutes) the sublimate on the cold
finger vas carefully vashed dovn vith p.E. in a vial. 
Aliquots of this solution vere taken for further gas chro- 
matographic analysis under the folloving experimental con­
ditions :
instrument : varian Aerograph, Model 1400.
Detector : F.I.D. (Flame ionization Detector).
Column : stainless steel, 6 'xi/8".
Solid support : chromosorb v 80/100 mesh.
Stationary phase : DEGS 10%. 
injection temperature : 200°C.
Detector temperature : 260°C.
Oven temperature : 160°C and 190°C.
Carrier gas : nitrogen.
Flov of nitrogen, hydrogen and air : respectively 25, 20 
and 300 ml/min.
2 . Results and discussion.
2 .a. Qualitative and quantitative comparison of the different 
extraction methods.
Most of our experiments were carried out on un- 
peeled shrimps. However in order to check the distribution 
of the pigments in the entire organism, the shrimp meat 
and the peel were extracted separately. The absorption 
spectra of an extract of unpeeled shrimps, shrimp meat and 
shrimp peels were identical. Furthermore the absorption 
maxima were identical for ail extraction procedures. The 
absorption spectrum of a shrimp extract in p.E. is given 
in Fig. 11^.
using TLC or column chromatography identical 
pigments were found regardless of the extraction method 
used on entire shrimps, the shrimp meat and the shrimp 
peels.
in the course of the investigations it was no- 
ticed that the pigment content in the shrimp samples 
varied with the shrimping season. Fig. IIp* The highest 
pigment content was found in the late spring ; this level 
decreased afterwards until the month of November.
A comparative study of the different extraction 
methods on identical batches of shrimps showed that the 
continuous column-extraction method with acetone gave the 
most reproducible results (Tab. n^). in this table it 
is shown that a continuous extraction on column with acetone 
gave the highest yield.
n m
Fig. 11  ^ Total absorption spectrum of a shrimp 
extract (in petroleum ether).
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Fig. 11^ seasonal variation of the total pigment content 
of shrimps.
Tabel H .1 Quantitative comparison of the experimented
extraction procedures on entire boiled shrimps.
Extraction
method
Average pigment 
content : ^g 
^-carotene per 
g fresh weight
standard
déviation
variation
coefficient
2bi a
'
4.23 0.043 0.038
2bi bi 4.11 0.067 0.065
2bib2 4.17 0.083 0.075
2bi b3 4.76 0.074 0.062
2bi b4 4.79 0.075 0.063
2bib5 5.89 0.066 0.044
2bi c 4.76 0.076 0.041
Extraction was carried out as described in the experimental 
section.
The values in pigment contents are an average of 8 
déterminations. The moisture content in the shrimp was 71%.
2.b. purification and identification of the carotenoids 
from boiled shrimps.
2.b.i. column elution pattern and identity of the shrimp 
carotenoids.
A total pigment extract was separated by column 
chromatography with an elution solvent of increasing po- 
larity. The different pigment fractions obtained had the 
following characteristics :
Fraction 1 : was a yellow band that eluted from a silicagel 
column with 3% acetone in high-boiling p.E.
It gave a typical colour reaction with ninhydrin ; 
when spectrophotometrically analyzed it lacked 
any typical absorption spectrum, so far this 
fraction remains unidentified.
Fraction 2 : this yellow band eluted distinctly separated 
from the preceding and succeeding fractions with 
3% acetone in high-boiling p.E.
- when partitioned between p.E. and 90% and
95% methanol respectively the fraction was entirely 
epiphasic.
- The pigment exhibited a typical carotenoid 
absorption spectrum in p.E. with maxima at
A 448 nm and -^476 nm and a shoulder at^ 422 nm.
This spectrum was not altered by saponification 
and its characteristics were identical to those 
reported for p-carotene (wolfe et al. 1965, Gil- 
christ et al. 1967, Gilchrist, 1968 and czeczuga, 
1970).
- co-chromatography of this fraction with 
authentic p-carotene (nerck 2236) on silicagel 
G layers, with the solvent mixture high-boiling
Fraction
p.E., isopropanol, H^O, (100:12:0.5) failed to 
separate the two components. Large quantities of 
neutral lipids accompanied the pigment and there- 
fore co-chromatography was carried out on both 
the saponified and unsaponified fractions.
3 : eluted as a yellow band with 5% acetone in 
high-boiling p.E., slightly ahead of fraction 4.
- on partition between p.E. and 95% methanol this 
fraction was entirely epiphasic.
- The fraction had an absorption spectrum in p.E. 
with maxima at^.472 nm and A445 nm.
- After saponification of this fraction, chro- 
matography on silicagel G (solvent system : 25% 
acetone in high-boiling p.E.) yielded five yellow 
bands with lower R^ values than the Rp value of 
the unsaponified fraction.
- The identification of these carotenoids was 
very difficult due to a lack of references.
a) A minor fraction was identified as iso- 
zeaxanthin. This could be concluded from co-chro- 
matographic analysis on thin-layer with iso-zea- 
xanthin. iso-zeaxanthin was obtained by boro- 
hydride réduction of canthaxanthin.
Moreover this fraction exhibited absorption 
spectra that were identical to those of iso-zea- 
xanthin as described by Davies (1965).
b) A major fraction was identified as zea- 
xanthin. The spectral patterns of these fractions 
were identical to those of zeaxanthin, as reported 
by Davies (1 9 6 5).
c) Finally the absorption maxima of another 
fraction corresponded to those of lutein (Davies, 
1965).
Fraction
From this spectrophotometric results it was con- 
cluded that fraction 3 would be a mixture of 
zeaxanthin, iso-zeaxanthin and lutein esters.
4 : eluted immediately behind fraction 3. This
4 fraction exhibited a wide pink to red zone 
on the column. The pigments eluted slowly with 
7% acetone in high-boiling p.E.
- TLC analysis on silicagel G in the solvent 
high-boiling p.E.* isopropanol, H^O (100:12:0.5) 
revealed the presence of three separated bands 
with decreasing values :
a) a yellow pigment, being the zeaxanthin 
ester that was identified in fraction 3.
b) a pink epiphasic di-ester of astaxanthin.
c) a minor yellow unsaponifiable fraction.
- on TLC analysis the pink astaxanthin ester 
band was shown to be composed of three coloured 
zones, probably due to the nature of the fatty 
acid ester groups.
- The absorption spectrum of this pigment in 
p.E. had a single maximum at^-467 nm. on partition 
between p.E. and 90% methanol the pigment was 
epiphasic.
- After saponification an acidic hypophasic 
product was obtained which was not separable from 
astacene on TLC.
- Borohydride réduction of this fraction is 
discussed below.
- The absorption spectrum of the yellow unsapo­
nifiable fraction in P.E. had maxima at A444 nm 
and A 472 nm. The identification of this minor
fraction remained conjectural due to a lack of 
references.
Fraction 5 : after elution of fraction 4 and addition of a
mixture of 25% acetone in high-boiling p.E. to the 
column a pink streaking pigment vas eluted.
This component had a broad symmetrical absorption 
spectrum in p.E. vith a maximum at A468 nm. As 
vill be discussed belov, this component vas pro- 
bably a mono-ester derivative of astaxanthin.
After saponification this fraction yielded 
astacene.
Fraction 6 : by adding a mixture of 50% acetone in high- 
boiling p.E. to the column a fully hypophasic 
pink fraction vas eluted vell behind fraction 5.
Its symmetrical absorption spectrum in p.E. had a 
maximum at ^468 nm.
Saponification yielded a product unseparable from 
astacene on TLC analysis.
These characteristics vere typical for unesterified 
astaxanthin.
The advantage of using silicagel instead of 
alumina as adsorbens for column chromatography is that 
there is no danger of hydrolysis of the astaxanthin ester 
derivatives or of oxydation of astaxanthin to astacene 
(Holter, 1969, Herring, 1968, Lee, 1967, Czeczuga et al. 
1968). When using alumina columns ve alvays found that 
a red pigment (astaxanthin or astacene) remained on the 
top of the column. This fraction could only be eluted by 
adding a fev drops of glacial acetic acid to the elution 
solvent vhether it vas acetone or methanol.
On p. 46b. the structure of some carotenoids is given.
S t r u c t u r e  o f  s o m e  c a r o t e n o i d s .
O
OH
2 .b.2 . Analysis of the astaxanthin fractions.
a) The astaxanthin-ester fractions vere analyzed 
by TLC using the method as described by Lambertsen et al. 
(1971).
The fractions vere applied on silicagel G plates 
and eluted vith a solution of 25% isopropylacetate in ben- 
zene. vell-defined spots vere obtained vith R^ , values of
0.96-1 for the di-esters, o.80 for the mono-esters and
0.3 for free astaxanthin. pure canthaxanthin ran betveen 
the mono- and di-esters of astaxanthin. These results vere 
in full agreement vith those of Lambertsen et al. (1971).
b) Réduction of the astaxanthin fractions. 
Aliquots of each fraction vere transferred to ethanol and 
reduced vith a fev grains of potassium borohydride at room 
temperature. The appearance of a pure yellov colour indi- 
cated that the keto groups vere reduced to hydroxy groups. 
Visual observation vas generally sufficiënt for détermina­
tion of the end of the réduction reaction.
Reduced astaxanthin has the same chromophore as 
j3-carotene. The absorption curves of original and reduced 
astaxanthin in ethanol is shovn in Fig. II
c) Thin-layer chromatography of the reduced 
astaxanthin fractions.
Borohydride réduction and subsequent TLC analysis on sili­
cagel G vith 25% acetone in p.E. vas an elegant method for 
purification of the astaxanthin ester fractions from 
contaminating lipid material.
The dihydroxy di-fatty acid ester gave a Rp value 
of 0.75-0.80, the trihydroxy mono-fatty acid ester had a 
Rp value of 0 .30-0.40 and for tetrahydroxy ^-carotene a 
Rp value of o vas found.
325 400 475 550 nm .
Fig. ii^ Absorption spectra of astaxanthin (a) and 
reduced astaxanthin (b) in ethanol.
The presence of lipids on the thin layer was 
checked by spraying it with 2',7'-dichlorofluorescein.
Tab. 1I2 compiles the data of the column chromato- 
graphic analysis and the identity of the carotenoids 
present in the boiled shrimps.
2.c\. identification of the fatty acids esterified with 
the carotenoids.
2.C.1. identification of the contaminating lipid material
upon TLC analysis of the shrimp pigments.
Upon TLC analysis of a total pigment extract on 
silicagel G plates in the solvent mixture high-boiling p.E., 
isopropanol, H^O (100:12:0.5) a clear séparation of the 
carotenoid fractions was obtained.
The Rp values of the carotenoid fractions in this 
experiment are given in Tab. 11 *^
Identification of the fatty acids bound to caro­
tenoid pigments, necessitated the purification of the in-
dividual pigments from contaminating lipidic material.
The latter were identified by co-chromatography 
with standards of triglycérides, diglycerides, monoglyce- 
rides,fatty acids and fatty acid esters in the solvent mix­
ture high-boiling p.E., isopropanol, H^O (100:12:0 .5).
The R^ values of the used standard lipids in this 
solvent are also compiled in Tab. 11 .^ variation in the 
chain length of the different reference lipids did not 
give any change in value on the thin layer plate.
Fraction number elution mixture colour in p.E. Identity
1 . 3% acetone in high- 
boiling p.E.
yellow unknown
2. 3% acetone in high- 
boiling p.E.
yellow ^-carotene
3. 5% acetone in high- 
boiling p.E.
yellow-orange mixture of xanthophyllesters 
(zeaxanthin esters, isozea- 
xanthin, lutein esters)
4 . 7% acetone in high- 
boiling p.E.
pink a) zeaxanthin ester
b) astaxanthin ester
c) unsaponifiable xanthophyll
5. 25% acetone in high- 
boiling p.E.
pink astaxanthin mono-ester
6. 50% acetone in high- 
boiling p.E.
pink astaxanthin
Table 11.3 çomparison of the Rp values of the carotenoid pigments and the reference
lipid components in"the solvent high-boiling p.E.-isopropanol-
H 0 (100 : 12 : 0 .5).
"2--------------------
Carotenoids Rp value lipids Rp value
astaxanthin 0.07 monopalmitin 0.02
astaxanthin mono-ester 0.26 dipalmitin 0.20
unsaponifiable xanthophyll 0.30 palmitic acid 0.26
astaxanthin di-ester 0.66 palmitic acid methyl- 0.70
ester
-
mixture of xanthophyll-esters 0.77 tripalmitin 0.77
p-carotene 0.90 -
using the solvent mixture P.E., diethyl ether, 
acetic acid (80:20:1) a R^ value of 0.85 was found for the 
fatty acid methylesters on the silicagel plate.
As this value was much greater than the Rp values 
of the different carotenoid fractions and the triglycérides 
in this solvent, we concluded that no fatty acid methylesters 
are present in the shrimp extract.
From these experiments it could be stated that 
the astaxanthin-diester fraction and the xanthophyllester 
fraction are mainly contaminated with triglycérides.
The astaxanthin mono-ester fraction mainly 
contains free fatty acids and diglycerides.
2 .C.2 . purification of the carotenoid ester pigments.
a) The mixture of xanthophyllesters when chro- 
matographed on a silicagel G plate with P.E.-ethyl acetate 
(92:8) as solvent system gave a R^ value of 0 .50.
For the triglycérides a R^ value of 0.75 was found. As 
described, interesterification of the xanthophyllesters 
yielded the fatty acid methyl esters that were analyzed 
by GLC.
b) purification ,of the astaxanthin-di-ester 
fraction was achieved on the thin-layer plate by elution 
with high-boiling p.E.-acetone (97:3). A very sharp sé­
paration was obtained although the différences in R^ value 
was small ( R^ value for the triglycérides : 0.35 and
0.30 for the astaxanthin-di-ester).
The astaxanthin di-ester was furtherly checked for purity 
by borohydride réduction and subsequent thin layer chro- 
matography in the solvent mixture p.E.-acetone (100:25).
c) séparation of the astaxanthin mono-ester from 
free fatty acids and diglycerides was carried out on sili- 
cagel G with p.E.-ethylacetate (84:16) as solvent system. 
The fatty acids and diglycerides showed a Rp value of 0 .40, 
while the astaxanthin mono-ester gave a value of 0.20.
2.C.3. ças chromatographic analysis of the fatty acid 
methylesters.
1. Fatty acids present in a total lipid extract.
The fatty acids present in a total lipid extract 
from shrimps (obtained by extraction according to the 
Bligh and Dyer method) were studied in collaboration with 
Feys (1973). Identification of the fatty acid methylesters 
was carried out in the following steps :
i. comparison of the relative rétention time of known 
reference compounds. The rétention times were calculated 
relatively to C^-:o chosen as internai standard methylester 
(nonadecanoic methylester), since this compound was never 
found in the lipid extract.
ii. calculation of the log rétention time of the standard 
components as a function of the number of c-atoms.
Under isothermic conditions a lineair relation exists be- 
tween these two variables (Tranchant, 1968).
By calculation of the log rétention time of the 
fatty acid methylesters in the shrimp extract the number 
of c-atoms of the different components was determined.
iii. in order to decrease the complexity of the mixture, 
séparation of the methylated lipid extract was carried 
out by silver ion (argentation) thin-layer chromatography. 
The plates were prepared according to Lindsay (1964) and
Kuksis (1971). The solvent system vas a mixture of chloro-
form-methanol in variable proportions (o to 5% methanol).
Components vere located under u . v .  light after spraying
vith a solution of 2',7'-dichlorofluorescein in ethanol.
in Fig. II„ and Fig. 11^ a survey is given of the identified
4 5
fatty acids in a total lipid extract ; the column temperatures 
vere respectively 160°C and 190°C.
About 30 fatty acids vere identified. Quantitatively the 
C^:o, C^Q^^^and c^^^^gvere the most important
fatty acids found in shrimps.
in the Alaska pink shrimp these four fatty acids vere also 
the most important fractions (xrzeczkovski, 1970).
2 . Fatty acids esterified vith the carotenoids.
in Figs.11  ^ and n _  a typical chromatogram of the
o 7
fatty acid methylester derivatives of the astaxanthin di- 
ester fraction vas shovn. All compounds identified in the 
total lipid extract vere also present as esters of asta­
xanthin. An increase in the ratio lauric acid : palmitic 
acid and myristic acid : palmitic acid for the di-esters 
of astaxanthin in comparison to the total extract vas 
found.
A relatively large amount of oleic acid vas also typical 
for the astaxanthin di-ester fraction.
As to the nigher fatty acids eikosapentanoic acid (c^-.:5,, )20 5
remained the most important.
Identical results vere obtained for the mono-ester fraction 
of astaxanthin (van de casseye 1974).
The xanthophyllester fractions revealed a still greater 
increase in the ratio lauric acid : palmitic acid and 
myristic acid : palmitic acid.
Oleic acid and eikosapentanoic acid vere important fatty 
acids as veil.
The fatty acids 0^ : 2^ ,  0^ : 2^?. C^:o, C^:i^?and c^^:o 
vere only present in very minor proportions in the
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carotenoidesters and could only be detected at very high 
sensitivity operating conditions.
in conclusion : saturated as well as unsaturated fatty acids
were found as carotenoid esters.
Despite the recent interest in the discovery, 
élucidation and biochemistry of animal carotenoids and 
animal carotenoproteins it is rather surprising that no 
attention has been paid so far to the carotenoproteins in 
the crangon vulgaris Fabr.
There are reasons to believe that some types 
of combination of carotenoids with proteins exist, because 
of the failure of the carotenoids to be extracted from the 
blue-grey unboiled shrimp in p.E.
This chapter reports on a preliminary study 
on the carotenoproteins in the entire unboiled shrimp.
1. Materials and methods.
1.a. Materials.
immediately after landing, the unboiled shrimps 
were frozen at -4o°C and transported to the laboratory 
for analysis.
1.b. Methods.
1.b.i. Extraction of the carotenoproteins from unboiled 
shrimps.
in literature several procedures are described 
for extraction of carotenoproteins from different pigmented 
parts of some Decapod crustacean (zagalsky et al. 1970).
in our experiments modified extraction procedures 
were adopted.
i. carotenoproteins were extracted with different 
phosphate buffers (KH^PO^ and Na^HPO^) at pH 8, respecti- 
vely 0 .01, 0.1 and 0.2 in molarity.
For this purpose 500 g unboiled shrimps and 
500 g seasand (Merck 7712) were homogenized with 1 liter 
of buffer solution for 4 minutes using a sorvall omni-mixer.
Care was taken that the temperature of this 
mixture during homogenizing was kept around 5°c.
Afterwards the extraction mixture was given to 
stand in the refrigerator at 4°c during one night.
ii. Extraction was also identically performed by only 
changing the extraction solvents ; citrate buffers of pH 5 
and pH 5.5, 0.01, 0 .0 5 and 0.1 in molarity were used (za- 
galsky et al. 1970).
Extractions with phosphate and citrate buffers in the 
presence of 10% dioxane (zagalsky et al. 1970) were also 
carried out.
1.b.2 . purification of the carotenoproteins.
in order to remove the non-soluble residu, 
the crude extracts were centrifuged at 8 ,5 0 0 rpm (11,700 g) 
in a sorvall SS-3, automatic superspeed centrifuge (sorvall 
GSA rotor, d = 14.6 cm) at a temperature of 2°C.
progressive saturation of this protein solution 
with (NH^)^SO^ up to 5%, 10%, 40%, 60% precipitated the 
different protein fractions. The précipitâtes were suspended 
in 0.05 M phosphate buffer p H 7.
The carotenoproteins were subsequently applied on 
anionic and cationic oowex ion exchangers(serva Fein- 
biochemica Heidelberg 41351 and Fluka 44500).
Adsorption and desorption of the carotenoproteins were 
tried in a pH range from 5 to 9.
purification experiments of the carotenoproteins 
were also performed using calciumphosphate gel chromato- 
graphy.
Finally dextran-gel chromatography on sepha- 
dex G-75 and G-200 was carried out.
1.b.3. çarotenoid composition of the carotenoproteins.
The carotenoids present as prosthetic groups in 
the carotenoprotein fractions were identified by thin 
layer chromatography of the extracted carotenoids.
Carotenoids were liberated from the caroteno­
proteins in p.E. by addition of a suitable volume of 
acetone and methanol to the carotenoprotein solutions.
Identification of the carotenoids was performed 
as described in the experimental section of chapter 11.A.
l.b.4. Molecular weigth déterminations of the caroteno­
proteins.
Estimâtes of the molecular weights of the caro­
tenoproteins were obtained from gel filtration studies.
Columns of sephadex G-200 (2.4 x 21.3 cm) were 
equilibrated with 0.05 M phosphate buffer, pH 7, and 
calibrated with a series of reference proteins of known
molecular weight : urease (483*000), lactate-dehydrogenase 
(150,000) and serum albumin (68,000).
Molecular size estimations were derived by 
plotting the log of the molecular weight against the 
elution volume (Andrews, 1965).
1.b.5. Lipid analysis of the carotenoprotein fractions.
upon libération of the carotenoids from the 
carotenoproteins by "acetonolyse" lipid fractions simul- 
taneously passed into the p.E. fraction.
Thin-layer analysis of those lipid components 
was carried out as described in the experimental section 
of chapter 11.A.
2. Results and discussion.
2 .a. comparison of the different extraction methods.
Comparison of the different extraction procedures 
revealed that the method with citrate buffer (pH 5) 0.05 
in molarity was the mest reproducible and quantitative
method.
Addition of 10% dioxane to the extraction 
solvent remarkably enhanced the efficiency of the 
extraction procedure.
However about 3 hours after extraction, libé­
ration of the carotenoids was observed due to a destructive 
effect of dioxane on the carotenoproteins.
2 .b. Fractionation of the carotenoproteins.
After centrifugation of a total carotenoprotein 
extract a minor flocculent was found in the upper phase of 
the supernatant (fraction i), indicating the presence of 
lipoproteins.
Saturation of the supernatant with 5% (NH^^SO^ 
and subséquent centrifugation yielded a grey-purple 
precipitate (fraction 111) and a white floating flocculent 
on the surface (fraction 11).
Subséquent addition of (NH^^SO^ to the super­
natant gave a large precipitate (fraction iv) between 
10% and 40% saturation.
The four fractionally precipitated fractions had 
different densities, and contained carotenoproteins as 
was indicated by carotenoid analysis.
At higher (NH^^SO^ saturations no further caro­
tenoproteins were found neither in the precipitate nor 
in the supernatant.
2.c. purification of the different carotenoprotein fractions.
The carotenoproteins in the four fractions des- 
cribed above were insoluble in ail the phosphate and 
citrate buffers mentioned in the experimental section.
Even in a medium of high ionic strength, obtained by 
addition of 10% (NH^^SO^ or Naci, the carotenoproteins 
remained insoluble, since after centrifugation (8,500 rpm - 
20 minutes) no carotenoproteins were found in the super­
natant.
By addition of 1 g sodiumdodecylsulphate (SDS) 
per 100 ml citrate buffer pH 5.5 only fraction i and n  
dissolved.
out of this effect we concludedonce more that 
fraction i and n  contained lipoproteins since SDS is 
known to interact preferentially with the lipoidic fraction 
of carotenoproteins.
only at higher SDS concentrations dissociation 
of carotenoproteins in sub-units occurred as was estimated 
by gel chromatographic analysis.
The carotenoproteins of fractions m  and iv 
could be solubilized with Triton x-100 (in a concentration 
of 0 .1  g/100 ml).
However dissociation of the carotenoproteins in 
sub-units of varying molecular weight was not to be 
avoided under these experimental conditions.
Fraction i and n ,  solubilized by addition 
of SDS, were applied to anionic and cationic Dowex.
However the carotenoproteins failed to elute with several 
phosphate buffers with a pH value between 5 and 9 and 
with different molarities.
This should be explained by the high polarity of 
the solubilized carotenoproteins.
probably for the same reason adsorption chroma- 
tography on calcium phosphate gel remained unsuccessful.
By dextran-gel chromatography on sephadex 
G-200 ail proteins with different molecular weight than 
the carotenoproteins were separated. The fractions 1 and
II partially purified in this way were indicated as
fraction and n ^ .
Fraction 1 1 1 , the blue-grey precipitate after 
centrifugation of an extract saturated with 5% ammonium 
sulphate, and fraction iv, the precipitate obtained after 
centrifugation of the supernatant saturated up to 40% ammo­
nium sulphate, remained insoluble in phosphate buffer, as 
outlined above.
The only way to purify those fractions vas by 
separating ail compounds soluble in phosphate buffer, 
from the precipitated carotenoproteins (fraction Illp and 
fraction iv^).
2 .d. çharacteristics of the carotenoproteins in unboiled 
shrimps.
2.d.l. Molecular weight détermination.
The molecular weight estimâtes of the caroteno­
proteins derived from gel filtration are those of globular 
proteins, used to standardize the sephadex G-200 columns, 
having identical elution volumes.
The actual molecular weights may be considerably 
lover, especially if the carotenoproteins are asymmetrie 
(Andrews, 1 9 6 5).
Therefore the accuracy of our molecular weight 
estimâtes should be compared with other methods for mole­
cular weight détermination.
on Fig. II- standardizing of elution volume versus
O
molecular weight of known references is shown.
It was found by gel filtration on sephadex G-200 
that the carotenoproteins of fraction ip and fraction iip 
have the same molecular weight.
on Fig. II- the o.D. as a function of the elution 
9
volume is drawn for fraction ip.
The molecular weight of fraction iv was estimated 
as follows :
a total carotenoprotein extract, saturated with 10% ammo­
nium sulphate, yielded after centrifugation a supernatant 
(fraction IV^) containing in solution the carotenoproteins 
of fraction iv as well as other proteins.
Gel chromatographic analysis of this fraction 
gave an estimate of the molecular weight of the caroteno­
proteins precipitating at 40% ammonium sulphate saturation 
(Fig. II10).
Dénaturation of carotenoproteins by Triton x-100 
clearly resulted in fractions of lower molecular weight.
Fig. U n  shows the effect of Triton x-100 on 
the molecular weight of the carotenoproteins of fraction iv.
Tab. 11^ summarises the molecular weight values 
obtained by gel filtration of the described carotenoprotein 
fractions.
carotenoproteins, built up of n sub-units, 
dissociate in a medium of low ionic strength, resulting 
in a molecular weight of 1/n molecular weight of the
carotenoproteins.
!
Since after dialysis of the shrimp carotenoproteins 
identical molecular weight values were obtained by gel 
filtration it was concluded that carotenoproteins in shrimps 
did not exist of sub-units.
Fig. IIo Standardizing elution volume versus log. molecular
O
weight.
Fig. iiq Estimation of the molecular weight of fraction on 
G-200 sephadex.
Fig. II^Q Estimation of the molecular weight of fraction iv 
on G-200 sephadex.
Fig. 11^ Effect of dénaturation by Triton x-1 0 0 on the
molecular weight of the carotenoproteins of fraction iv.
Table 11.4 Elution volumes and molecular weights of 
the carotenoprotein fractions determined 
upon gel-chromatographic analysis.
Fraction Elution volume Log molecular 
weight
Molecular
weight
Ip 22.3 5.608 405.500
H p 22.3 5.608 405*500
IVg 28.1 5.203 159,600
I''T 31.5 4.961 91,411
2 .d.2 . carotenoid composition of the carotenoproteins.
By weight, the fractions ip and lip contained 
more carotenoids than the fractions IIIp and iVp. probably 
this should be ascribed to a greater contamination with 
proteins of the fractions n i p  and iVp.
Thin layer chromatographic analysis revealed that 
the carotenoproteins in fractions ip and lip contained all 
carotenoids, identified in the boiled shrimp, with the 
exception of astaxanthin while fractions IIIp and iVp 
contained all carotenoids.
For the fractions IIIp and iVp the ratio asta­
xanthin and its ester derivatives / other carotenoids was
greater than for the fractions i and II-.
P P
From this preliminary experiments we only could 
state that all carotenoids are bound to proteins. The 
problem whether these carotenoids occurred in true caroteno­
proteins or in lipoproteins with lipid associated carotenoids 
still exists.
2 .d.3. Lipid analysis of the carotenoprotein fractions.
only a qualitative analysis of the lipids in tne 
carotenoprotein fractions was performed by TLC.
Hereby it was found that fraction ip and fraction 
lip contained all lipid fractions, as identified in the 
fat extract of boiled shrimps,with the exception of mono- 
glycerides.
Fraction m  contained, besides all other lipid 
fractions, an excess of mono-glycerides.
Finally in fraction iv, ail known lipid fractions 
were identified.
From Fig. Il^g ^&n be summarised that all 
carotenoproteins in unboiled shrimps contain lipoproteins.
From this preliminary study it was concluded that : 
the carotenoproteins in unboiled shrimps contained asta­
xanthin as well as the other carotenoids, present in shrimp, 
as prosthetic group.
More experimental work should be carried out in 
order to divide the shrimp carotenoproteins in true caro­
tenoproteins and lipoproteins with lipid associated caro­
tenoids.
Fig. II12 Thin layer analysis of the lipids present in the 
carotenoprotein fractions of unboiled shrimps.
I fraction i^
II fraction
III fraction
IV fraction iv^
1 Total fat extract of boiled shrimps
2 Free fatty acid
3 Mono-glyceride
4 Di-glyceride
5 Tri-glyceride.
C H A P T E R III
INTERACTION OF GAMMA RAYS AND MATTER.
1. introduction.
Gamma rays are electromagnetic radiation of 
nuclear origin with short wavelengthsin the région of 
3x10**^ cm to 3x10"^ cm. in terms of energies this wave- 
length range represents an approximate value of 40 Kev to
4 Mev. The y-rays emitted by radio-active isotopes are 
either mono-energetic or have a small number of discrete 
energies. For example, the most widely used isotope at 
present, the radioactive ^°co, decays by émission of a 
p-particle to an excited ^ N i  nucleus that immediately 
achieves stability by emitting an equal number of y-photons 
of energy 1.332 Mev and 1.173 Mev (Denaro and jayson 1971). 
These processes may be represented by the following decay 
scheme :
The radiactive decay of ^ ^ c s  shown below.
Gamma energy is partially transferred to orbital
electrons.
As a resuit of energy absorption "excitation" 
occurs when an electron has been moved into an orbit more 
distant from the atomic nucleus. Ejection of an electron 
from the atom following the absorption of photon energy, 
is termed 'ionization". The parent molecule-ion can be re- 
garded as a positively charged free radical and it repre- 
sents an important intermediate species. From this point 
of view it is convenient to group ionization with the more 
familiar heterolysis and homolysis (Williams, 1963).
RX -----  ^RX***° + e" ionization.
RX -- - --  ^ R+ + x" Heterolysis.
R X ------? R° + X° Homolysis.
The ejected electron will then dissipate the energy that 
has been transferred to it by further collisions with 
other atoms in the material.
Absorption of gamma rays by matter obeys a 
fundamental law :
where 1, are the intensities of the transmitted and 
incident radiations respectively, x is the thichness of 
the absorber and ^ is the total linear absorption coefficient, 
if the thickness of the absorber is expressed in cm, ^will 
have the units cm"^.
The linear absorption coefficient depends on the density of 
the absorber and it is convenient to define the total mass 
absorption coefficient by
^,mass = ^linear 
where e is the density of the material.
The total absorption coefficient (cm^.g*^) is the same for 
the different physical states, i.e. gaseous, liquid and 
solid state of the absorber.
Also useful are the atomic absorption coefficient 
(cm^/atom) and the electronic absorption coefficient 
^ p
^ ( c m  /electron) that are respectively the absorption 
coefficients per atom and per electron. They are related 
to the linear and mass absorption coefficient in the 
following manner :
A
^a " pNo cm^/atom (1)
^e = PN^Z cm^/electron (2)
wherep is the density, A the atomic weight and z  the
atomic number of the absorbing material, and No is Avo-
gadro's number.
The mass, atomic and electronic absorption 
coefficients involve the dimensions of an area and are 
frequently called cross-sections, as they refer to the 
probability of absorption.
photons will penetrate deeply into matter because 
they only lose their energy through direct interaction with 
orbital electrons ; even atoms of the most dense matter 
are largely composed of empty space and thus there is a 
high probability of a given photon passing through 
without interaction since it has no particular affinity 
(such as electrical charge) for any of the atomic parts.
The type and number of interactions are dépendent on the 
energy of the photon and the density of the matter and on 
the atomic number of its components. in this way the 
total absorption coefficient is the sum of separate coeffi­
cients representing the main processes of energy absorption.
These processes are the photo-electric effect, the compton 
effect and pair production.
2 . The photo-electric effect.
in the photo-electric effect, the entire energy 
of the y-ray photon is transferred to an orbital electron 
with subsequent ejection of the electron, usually from 
the x-shell.
The ejected electron proceeds in the medium 
with a maximum energy that is equal to that of the 
original quantum E^ less the binding energy of the electron 
in the atom.
Ee = E. * Eb
Binding energies range from 100 ev for low atomic 
weight materials to 100 kev for high atomic weight materials.
The inner orbital vacancy is filled by an outer 
electron of the atom with consequent characteristic x-ray 
émission or, more rarely, by the ejection of one of the 
other electrons in the atom. in absorbers of low atomic 
number the binding energy of the K-shell is small and thus 
the secundary x-rays and electrons will only have low 
energies and will be absorbed locally.
As in the case for ail physical interactions the 
photo-electric effect is also governed by the law of 
conservation of momentum. it is found that the scattering 
angle is distributed over a large number of values. This 
involves that the nucleus itself takes part in the process, 
carries away a part of the initial momentum and thus under- 
goes a recoil effect.
This means that the photo-electric effect can 
only occur with electrons which lie close to the nucleus 
(K and L electrons). At higher photon energy the electron 
will have a large probability of being ejected in a 
straigth forward direction.
The photo-electric effect is most probable for 
low photon energies 0.1 Mev, and for elements of a high 
atomic number (Hughes,1973).
3. compton effect.
in the compton effect, photons of higher 
energies give up only part of their energy to an electron, 
which may be free or loosely bound in an atom. Hereby 
the electron is accelerated or ejected from the atom.
The photon itself will be deflected (hence "scattered") by 
the interaction and now degraded in energy by the amount 
lost to the electron, will undergo additional compton 
interactions with other atoms until its energy is lost or 
until it is absorbed in a photo-electric interaction, 
in this way energy and momentum of the incident photon are 
shared between the scattered photon and the recoil electron.
Compton interactions predominate for photon 
energies between 1 and 5 Mev in high-atomic number materials 
and over a much wider range of energies in low-atomic 
number materials.
in water, for example, compton interactions 
predominate from about 30 kev to 20 Mev (spinks and wood 
1964).
The electron-positron pair production and the 
photo-nuclear reactions are so unimportant, except at
very high photon energies (spinks and vood 1964* O-Donnell 
and sangster 1970) that they do not need to be considered 
here.
The cross-sections of the three processes, the 
photo-electric effect, the compton effect and pair pro­
duction for water are shown as a function of photon energy 
in Fig. 111^. For a more extensive survey of the interaction 
of gamma rays with matter the references cited above should 
be consulted.
P h o t o n  e n e r g y  ( Me V )
Fig. 111^ cross sections of the photo-electric effect (A), 
the compton effect (B) and the pair production 
(c) for water (Denaro and jayson 1972).
4 . interaction of electrons with matter.
High-energy electrons are produced by compton 
and photo-electric processes in material irradiated by 
gamma-rays. Those electrons interact with matter in 
several ways, mainly by inelastic and elastic collisions 
and by the émission of electromagnetic radiation.
The relative importance of these processes varies 
strongly with the energy of the incident electrons and, 
to a smaller extent, with the nature of the absorbing 
material.
i. High energy electrons, are decelerated in the field
of nuclei and atomic electrons, and, according to classical 
physics, give x-rays called Bremstrahlung, which may be 
later absorbed by the material. A small amount of energy 
is also lost as çerenkov radiation- the spectacular blue 
glow produced as electrons slow down to the speed of light 
in material of refractive index greater than one (o'Donnel 
and sangster 1970).
ii. Electrons can also lose energy in matter through 
Coulomb interactions with electrons in the stopping material, 
producing excitation and ionization. Thus the primary 
electrons are slowed down and cascades of secundary, 
tertiary etc. electrons are produced. Towards the end
of the tracks, where the electrons are moving more slowly 
and make more frequent collisions, the ionization density 
is the highest.
iii. For low electron energies and for high atomic 
number material, electrons may easily be deflected by the 
electrostatic field of an atomic nucleus (elastic scattering). 
The range of high-energy electrons in a material is in 
direct proportion to their energy and in inverse proportion
to the density of the material.
For 1 Mev electrons the maximum pénétration in water is 
5-6 mm.
5. Behaviour of ions, excited states and free radicals.
The primary effect of gamma irradiation on matter 
is the production of ions, excited states and electrons 
(which may initially have excess kinetic energy).
Their formation is related to the absorption of 
energy by the material and their numbers are directly 
proportional to the absorbed dose. The situation is com- 
plicated by the inhomogeneous déposition of energy that 
results in the formation of these species in groups or 
spurs.
These processes may be represented (1) :
A ---V'___  ^ A*
A --- ^ 1  A+ + e"
A ---^v\----- (A+)* + e"
These species subsequently react in a number of ways, summa- 
rised below.
is used to dénoté : yields under the 
influence of gamma irradiation, 
is used for an excited state of a molecule, 
désignâtes a free radical.
(l) The symbol
*
O
5.1. The electrons.
The ejected electrons are rapidly thermalized, 
and, in a polar medium, the molecules of the liquid become 
oriented around them, forming so-called "solvated electrons" 
(hydrated electrons in the case of aqueous solutions).
- if the electron is within the field of a posi­
tive ion, it will diffuse to the ion and neutralize it, 
forming an excited state that may be either the singlet or 
the triplet state and that may contain sufficiënt energy 
for spontaneous re-ionization.
A+ + e"------ ^ A* (3.1)
- Electrons can become attached to neutral 
molecules to form negative ions.
A + el--- t(A*)* (3.2)
This process is most likely to occur when 
molecule A has a pronounced electron affinity such as 
oxygen, the halogens, the halogen containing organic com­
pounds, aromatic compounds etc.
Electron attachment of solvated electrons to 
aromatic hydrocarbons has been demonstrated in puise 
radiolysis studies.
e" + ----- * ^12^10 i ^  biphenylide ion
is formed in the puise radiolysis of a solution of 
biphenyl in alcohol.
The anions that are formed by electron attachment 
to hydrocarbons can either accept a proton from the alcohol
or react with other soluté molecules by electron transfer. 
(Holroyd, 1968).
if the electron affinity of a molecule, due to 
the presence of an electronegative atom or group, is 
greater than the bond strength between that group and the 
rest of the molecule, the capture of an electron may 
immediately resuit in dissociation. This process may be 
respresented :
AB + e "------ * A* + B° (3.3)
e" + CH^Cl---- + Cl' (in the solvent
cyclohexane).
5.2 . Reactions of ions.
Direct spectroscopie evidence for the presence 
of positive ions in organic liquids is scant but there is 
chemical evidence for their reactions, positive ions can 
undergo fragmentation, charge transfer, ion-molecule-, 
and neutralization reactions. An évaluation of the rôle 
of ions as reactive intermediates hinges upon the life-time 
of a positive molecular ion before neutralization. if 
ion reactions are of significance for liquids, they must 
in général occur within about 1 0"^ sec (Williams, 1963).
5.2.a. Fragmentation of excited molecular cations occurs 
in the gas phase during electron bombardment 
(Meisels, 1968).
Such fragmentation is expected to be less impor­
tant in the liquid phase relative to other reactions of 
the cations since the excited ions can be deactivated by 
collisions.
5.2 .b. ion-Molecule Reactions.
The rôle of ion-molecule reactions could more 
readily be established if it were known what ions were 
present during radiolysis. Although some fragmentation 
does occur in liquids, a large percentage of excited 
molecular ions are apparently stabilized by collision to 
groundstate ions. Thus it is important to consider the 
possible reactions that molecular ions might undergo 
before neutralization.
- proton transfer reactions. Molecular ions 
are Brônsted acids in that they can give a proton to 
molecules with intrinsic basicity. This proton transfer 
reaction is expected to occur readily in liquids in which 
the molecules have a permanent dipole moment.
in the radiolysis of ethanol for example, proton 
transfer reaction followed by neutralization reaction 
has been proposed (Holroyd,1968).
CgH^OH* + CgH^OH------------------ + CpH^O" (3.4)
e" sol + C2H^0H+-------"H + C2H^0H (3.5)
- Hydrogen-atom transfer reactions for odd-electron 
ions of the type
X* + R-H--- * X-H* + R° (3.6)
widely occur in the gasphase as discussed by Williams 
(1963).
e.g. C^H+c + + C^H'
The reactions of even-electron positive ions are, of course, 
well known in conventional chemistry, where carbonium-ions
are postulated as intermediates in many organic reactions 
(ingold, 1953). in the gasphase, the main type of reaction 
observed is hydride-ion transfer from a hydrogen carbon 
resulting in a more stable even electron ion. Exothermi- 
city implies a lower bond heterolysis energy for the 
formation of the product ion, relative to the initial ion, 
from their respective hydrocarbons.
The reaction of the fragment ion C^HÎ with3 5
neo-pentane could be an illustration to this.
+ neo-
A more extensive discussion of the reactions of ions is 
given by Williams (1963), Holroyd (1968) and spinks and
Woods(1964).
5.3. Reactions of excited molecules.
The characteristics of excited atoms and mole­
cules are known from spectroscopie and photochemical studies 
in which the excited species are produced by the absorption 
of visible or u.V. light (Mousseron - canet and Mani 1969). 
The same excited species are formed by interaction of gamma 
rays with matter, though irradiation may also produce more 
highly excited states, with more intrinsic energy and 
states (e.g. triplet) which are not formed directly by 
the absorption of light. Reactions observed in photoche- 
mistry, therefore, are not necessarily the only ones stem­
ming from excited molecules which occur upon radiolysis 
(Denaro and jayson, 1970).
The similarities and dissimilarities of visible 
and ultraviolet light absorption compared with the photo- 
electric absorption of gamma radiation are discussed in 
the surveys of spinks and woods (1964) and Williams (1963).
The représentation of the behaviour of excited 
states of polyatomic molecules can be quite complicated, 
but an understanding of the processes involved can be 
gained by considering the properties of the excited states 
of simple diatomic molecules.
The conversion of an excited state to the ground state 
can be achieved by
i. fluorescence (radiative conversion to the ground state).
ii. internai conversion (non-radiative conversion to a
lover state of the same multiplicity).
iii. intersystem Crossing (non-radiative conversion to a
state of different multiplicity) 
and phosphorescence.
iiii. non-radiative energy transfer to a neighbouring 
molecule described by Mousseron-canet and Mani 
(1969) and Denaro and jayson (1970).
Excited molecules can also return to the ground 
state in a unimolecular reaction (dissociation or isoméri­
sation of the excited molecule) and in a bimolecular reac­
tion (chemical reaction involving a second molecule) 
briefly discussed below.
5.3.a. unimolecular reaction.
The most usual unimolecular reactions undergone 
by excited states resuit in the dissociation of the mole­
cule into two fragments, which may be free radicals or 
stable molecules.
if an excited state has sufficiënt energy, the 
molecule may break at a covalent bond to give two radical
fragments.
A*--- *R° + S° (3.7 ) e.g. CH^-Co-CH^-^CH^Co° + °CH^
if the excited state is an ion :
(A+)*---+ S° (3.8)
The situations that lead to dissociation are 
illustrated by the potential energy curves in Fig. 111^.
Fig. IIIp potential energy curve for a diatomic molecule 
(spinks and woods 1964).
Excitation to a high vibrational level (transition 
AB'), excitation to a repulsive state (transition AC') and 
predissociation (transition D-D' Crossing into the repulsive 
curve c) are three various routes accomplishing homolytic 
fission.
The radicals themselves may be excited or may have 
an appréciable amount of kinetic energy.
Radicals formed in liquids vith only very small 
kinetic energies will be "caged" by the liquid molecules 
and will recombine dissipating the dissociation energy as 
heat (called the pranck-Rabinovith effect or cage effect) 
and no net chemical change is observed (Denaro and jayson 
1970).
When the radicals formed have a fair amount of 
kinetic energy, which allows them to escape from the cage, 
chemical changes are more likely to be produced.
The dissociation process involves a highly 
excited state, such as results from charge neutralisation 
as in reaction (3.1).
in addition to the dissociation into free radi­
cals, an excited state may dissociate into stable mole­
cules, although this event is less frequent (spinks and 
Woods 1964).
A*--- *B + C (3.9 )
in the radiolysis of cyclohexane the décompo­
sition reactions :
Ce"l2------ "2 + CgHio (86%)
^6^12-----* "° + ^6^11
probably account for a significant part of the cyclo- 
hexene and hydrogen formed.
5.3.b. Bimolecular reactions.
The four main classes of bimolecular reactions 
described by Denaro and jayson (1970) are :
- electron transfer reactions
- abstraction reactions
- addition reactions
- stern-volmer reactions.
6 . Free Radical reactions.
Chapter 111 5.3. made it clear that the homo- 
lytic décomposition of an excited molecule may lead to 
the production of free radicals.
Free radicals then are very rarely primary products of 
the radiolysis but arise from subséquent décomposition 
of the ions and excited states initially produced. 
Typical reactions are :
C6"Î4 ' ^ " 1 3 + H°
C2H6 Cs"; + H+
e" + CH^Cl + Cl
properties and reactions of free radicals with 
particular reference to radiation chemistry are discussed 
below.
in Tab. 111^ a number of reactive radicals are 
arranged approximatively* in order of decreasing reactivity
* The radicals (R) were grouped by comparing the bond disso­
ciation energies in the compounds R-H and R-halogen and 
assuming that the largest dissociation energies signified 
the most reactive radicals.
T a b l e  1 1 1 . 1  R e l a t i v e  s t a b i l i t y  of r e a c t i v e  f r e e  r a d i c a l s .
(The r a d i c a l s  ar e  a r r a n g e d  f r o m  to p  to b o t t o m  in o r d e r  of i n c r e a s i n g  
s t a b i l i t y  a n d  d e c r e a s i n g  r e a c t i v i t y .  T h e  r e l a t i v e  p o s i t i o n s  are 
a p p r o x i m a t e  and, fo r  th e  r a d i c a l s  in p a r e n t h e s e s ,  q u e s t i o n a b l e )  (From 
Spin k s  and w o o d s  1964).
R=alkyl Atoms and inorga- Alkyl radicals Halogen Unsaturated and Aromatic
radical nie radicals derivatives oxygenated radicals compounds
- H.,.OH - - CH=CH.
2
Ph.
o,m,p.
R *,RCO^- F. .CH^,.C^H^ - (CH^COg.)
CH^CgH^.
RCO.
*
n - C ^ . -cr,
ClCHgCHg
CH^CO.
RO. Cl. i - C ^ . ClCHg. (CH^O.) -
- - ClgCH. - -
- - - .CCl^.BrgCH. - PhC0.
- Br. - .CBr^ CHg=CH-CHg PhCHg.
RS.,ROg. I.,(HOg.) - - (CH^S.)(CH^Og.) *
respectively increasing stability.
- Radical stability increases in the series 
primary (-CH°)<^ secondary (=CH°) tertiary (=c°).
- stability will also be affected by the nature 
of the substituants. Fluorine has only a small effect when 
it replaces hydrogen but the effectiveness of the 
halogens increases in the series F-<LCl<ÜBr<^i ; stability 
also increases as the number of halogen substituents is 
increased.
- unsaturated substituents increase stability 
when they involve carbon atoms adjacent to that carrying 
the odd electron, but not when this carbon atom itself 
is part of the unsaturated groups. For instance
CHp = CH -  CH° is much more stable than CH^  = CH° or 
(ph°)*. in all cases the effectiveness of the stabilizing 
substituent decreases as it moves farther from the carbon 
with the odd electron.
- m  général, radicals are less selective at 
high temperatures ;on the contrary even very reactive ra­
dicals may be quite selective at very low temperatures.
Other factors affecting radical reactions with 
a substrate besides temperature include the reactivities 
of the attacking and displaced radicals, the dissociation 
energies of the bonds broken and-formed and polar effects.
polar fractions, which means effects due to the 
différences in electron density in the reactants and media,
* ph : means in this text : phenyl.
such as the type of solvent, pH, inductive and hypercon- 
jugation effects, may influence radical reactions, though 
to a smaller extent than heterolytic reactions, which 
involve transfer of electron pairs in bond breaking and 
bond formation.
- Radicals can be classified as electron-acceptors 
or electron donors.
Halogen radicals for instance, tend to gain 
electrons and preferentially attack points of high electron 
density in the substrate. Methyl radicals on the other 
hand are relatively nucleophilic and rather tend to attack 
electron deficient centers in the substrate.
Radicals react either unimolecularly (rearrange­
ment and dissociation) or bimolecularly with other ra­
dicals or with stable molecules.
6 .1. unimolecular reactions.
6 .1.a. Radical rearrangement.
Reactive radicals can sometimes attain more 
stable structures by molecular rearrangement, such 
reactions may be represented as
AB°---*BA°
in which the migration of a group or atom within the 
radical causes a change in position of the unpaired electron.
For example ph^c - CH°----- *- Ph^c° - CH^Ph
6 .1.b. Dissociation.
organic radicals can characteristically dissociate 
into a smaller radical and a stable molecule if such a 
process is energetically favourable.
AB°----* A° + B
The stable molecule B, is usually an unsaturated compound. 
Br^CH - °CHBr--- *Br + BrCH = CHBr
6 .2 . Bimolecular reactions.
6.2.a. Radical attack on substrates.
Addition : A common reaction of radicals is an 
addition to an unsaturated compound
A
A° + ^>C — C < ----
Many examples of addition reactions are known 
and include radical - induced halogénation and the radical - 
initiated polymerization of unsaturated compounds e.g.
-CH^ - °CHR + CHg = CHR— ^CH^-CHR - CH^ - °CHR etc.
Abstraction : Radicals can abstract atoms from
saturated organic compounds to form a stable molecule and 
another radical (having a greater stability)
A° + B C ----- v- AB + C°
The abstracted atom B is usually a halogen or hydrogen 
atom.
Example °0H + CH^OH H^O + "CHpOH
H° + CH^I Hl + °CH3
Thus most radicals attack tertiary - in preference to 
secondary - or primary hydrogen atoms, though other factors 
(e.g. polar and energy considérations) will also influence 
the reaction.
6 .2 .b. Radical destroying processes.
- combination : Two free radicals can combine 
their unpaired electrons together to form a bond.
Reactions of this type are energetically favoured since 
they have little or no activation energy and energy is 
equally liberated to the dissociation energy of the bond 
formed.
Combination of methyl radicals to form ethane for example 
occurs in the gas phase at almost every collision between 
radicals.
if the résultant molecule is large the energy is delo- 
calized and subsequently lost. small molecules, having 
fewer possibilities of distributing the energy will normally 
dissociate again unless they can quickly lose energy. in 
a gaseous system, for instance, combination will only give 
a stable molecule if it occurs on a surface (e.g. a wall 
of the reaction vessel).
R° + S° RS
2°CH3
- Disproportionation - An alternative to the 
combination of two radicals to give a single stable molecule
is the transfer of an atom (generally hydrogen) from one 
radical to the other, giving two stable molecules, one of 
which is unsaturated :
2R°H---*RH + R2
2°C2Hr-^CgHg + C2H^
- Reactions of radicals with oxygen to form 
peroxy radicals are most important in radiation chemistry.
- Reactions grouped under the heading "radical 
attack on substrates" are characterized by the appearance 
of a radical among the products. in some situations the 
newly formed radical may also react with the substrate and, 
with favourable conditions,the sequence of reactions between 
that radical and substrate may be repeated several times 
before the radical is destroyed. in other words, a chain 
reaction takes place.
A chain reaction, considered from kinetic point 
of view is divided into initiation, propagation and 
termination steps.
Typical examples of chain reactions are the 
radical induced polymerization.
A typical propagation step for styrene looks as follows :
Ph ph
-CHp * CH + CH2  = CH---- CH2  - CH - CH2  - CH
Chain reactions, involving successive abstraction 
reactions, are shown in the bromination of toluene.
Br + phCH^---* HBr + phCH°
PhCH° + Br^ *PhCH2Br + Br
The repeated sequence of reactions may be more 
complex than the examples shown above.
C H A P T E R  IV
INFLUENCE OF GAMMA IRRADIATION ON THE PROVITAMIN A,
P- CAROTENE AND RELATED CAROTENOIDS IN MODEL SYSTEMS.
introduction.
A number of different carotenoids occur in 
foods in a variety of forms and each of them exnibit signi- 
ficantly vide variations in their sensitivities toward 
radiation (xnapp et al. 1961, Lukton et al. 1956 and 
Franceschini et al. 1959).
Récognition of the different dégradation pro- 
ducts is important since some of the carotenoids have a 
special function as precursors of vitamin A. 
in order to define suitable conditions for minimizing 
the loss of colour and nutritive value upon food irra­
diation it is necessary to understand the factors that 
govern the radiation sensitivity of the major carotenoid 
fractions.
However, because of the complexity of food products it is 
impossible to detect the mechanisms of the different 
dégradation reactions in the natural product.
This made the development of suitable model systems ne­
cessary in order to understand the different factors that 
influenced the radiation sensitivity of carotenoids.
This chapter deals with the destruction mechanisms of 
p-carotene upon irradiation in crystalline form and in 
solution in different solvents.
A. Materials.
The carotenoids used in our experiments were 
commercially available p-carotene (Merck 2236) and cantha- 
xanthin (kindly supplied by Hoffman La Roche and co ,
Basle, switzerland). The solvents used in ail our experi­
ments were p.a grade products. Bovine albumin (sigma 
A-4503)* oleic acid (Merck 471) and stearic acid (Merck 
673) were also used in some experiments.
irradiation was carried out in boro-silicate-glass-stoppered 
(B-10) vials (13 mm o.d., 36 mm high) with a total content 
of 2.5 ml. identical vials were used for the dosimetric 
déterminations.
The irradiation unit.
All experiments were carried out in a oammator 
M34-3 irradiation unit, "HELGA", manufactured by the 
Radiation Machinery Corporation, New jersey, u.S.A. with 
the following spécifications :
The exposure chamber is a cylinder, 3 inches in 
diameter and 4 inches high. The irradiation intensity 
at the centerline of the exposure chamber was 102.5 krad/hr. 
on August 6 , 1970.
The irradiation chamber is housed in a movable 
rotor and can be brought into irradiation position by 
turning the rotor over an angle of 180°. uniformity of 
the irradiation dose is achieved by rotation of the sample 
at 4.5 rpm on a turntable situated at the bottom of the 
irradiation chamber. control of the amount of radiation 
exposure to the sample is achieved by means of the exposure 
*
time and the dose-rate.
The exposure time is controlled by an electric 
interval timer that operates a micro-switch ; when the 
pre-set exposure-time is elapsed a brake is released and 
the rotor returns automatically to the load position.
The dose rate can be varied by locking the 
rotor (and the irradiation chamber) at different distances 
from the source. These different positions can be chosen 
by a dose factor dial, in this way the dose rates can be 
varied between zero and 100%.
The unit has a ^^cs-chloride source with a total activity 
of 1200 Ci + 5%.
The content is less than 1%. A plan of the unit is
shown in Fig. iv^.
Dose- distribution in the gammator M-34-3 unit.
Dosimetry of the irradiation chamber was carried 
out in air by Neels (1971). The Fricke dosimeter, as 
described by the ASTM method, was used as a primary stan­
dard.
A phosphate glass dosimeter was chosen as a secondary 
standard.
The dosimeters are 24 mm long, 12 mm wide and 5 mm thick 
and have the following composition :
P^O  ^ 70.5%, KgO 12%, AlpO^ 9%, MgO 4%, B^O  ^ 3%,
various compounds 1.5%. The glass dosimeters were calibra- 
ted against the Fricke dosimeter as described by Madsen 
et al. (1968).
The first set of dosimetric experiments was carried out 
along the central axis of the unit up to about 2/3 of the 
height. The second series of experiments was carried out 
along the periphery of an imaginary cylinder axed on the 
central axis of the exposure chamber, with a radius of 
27 mm. Therefore six-boro-silicate-glass stoppered (B-10) 
vials (13 mm o.d) with a total content of 2.5 ml were 
fixed in a stainless steel cage that fitted in the irra­
diation chamber. The centre of the vials was placed on 
a circle with a radius of 27 mm (measured from the centre 
of the bottom plate). The height of the vials above the 
bottom plate could also be varied.
Since the bottom plate of the exposure chamber rotâtes at 
a constant speed (4.5 rpm) during irradiation ail points 
of the cylinder area situated at a given height above the
Fig. IV^ plan of the irradiation unit.
1 . Rotor suspension
2 . Access to ^ ^ c s  sources
3. collapsible aluminium torus for lead expansion
4. Radioactive sources (doubly encapsulated)
5 . Rotor and shield (lead)
6. source- identification data
7. steel shielding
8. Source container wall
9 . Rotor housing
1 0 . Rotor wall
11. space
1 2 . Rotor suspension
13. irradiation chamber
1 4 . Turntable
bottom plate will receive the same average dose, 
in Fig. iVp the dose-distribution in the irradiation 
chamber as determined by Neels (1971) is shown.
At regular time intervals the dose distribution was checked.
B. Methods.
very little information is available on the 
radiation chemistry of carotenoids either in situ or in 
fat solubilizing solvents.
Therefore a study of the radiation dégradation 
products of p-carotene in modelsystems was made. 
in a first series of experiments p-carotene was irradiated 
in the crystalline form, or freely dissolved in the 
apolar solvents hexane, cyclohexane and benzene. These 
three solvents are comparable as far as chemical structure 
and composition are concerned. Literature extensively 
decribes the radiolysis of these solvents (spinks and 
woods 1964 and Ausloos 1968).
The good solubility of p-carotene in these sol­
vents also explains our choice.
irradiation of j3-carotene in a more polar medium 
was the first step to simulate the food product.
However, irradiating p-carotene in methanol, ethanol and 
higher alcohols was impossible because p-carotene is only 
sparingly soluble in those solvents, we were able to carry 
out irradiation experiments in the mixtures benzene and 
methanol only. To solutions of p-carotene in cyclohexane 
fatty acids were added prior to irradiation.
Finally the presence of water soluble caroteno­
proteins in the food products was simulated by modelsystems
Fig. IV2 Dose rate profile of the irradiation chamber
a) along the periphery of an imaginary cylinder 
axed on the central axis of the exposure 
chamber, vith a radius of 27 mm.
b) along the central axis.
in which p-carotene and canthaxanthin were adsorbed to 
albumin.
B.1. irradiation of 0-carotene in organic solvents.
The p-carotene solutions were irradiated in 
anaerobic conditions, Before dissolving the carotenoid 
the various solvents were degassed at room temperature by 
passing through a current of pure nitrogen. The air-free 
solutions with concentrations of 5, 25* 50, 75 and 100^M 
were irradiated in boro-silicate glass vials with a total 
content of 2.5 ml.
Spectrophotometric analysis of the irradiated solutions 
was performed using a Hitachi-perkin Elmer Model 124, 
double beam spectrophotometer.
crystalline p-carotene was irradiated in 
boro-silicate glass vials under a nitrogen atmosphere. 
immediately after the irradiation the samples were dissolved 
in the oxygen-free solvents and analysed spectrophoto- 
metrically and by TLC.
B.2 . irradiation of water soluble carotenoprotein complexes.
To study the radiation sensitivity of p-carotene 
and canthaxanthin in aqueous systems the modified method 
of Ramakrisnnan (1970) was adopted. The carotenoids 
(35 mg) dissolved in 70 ml p.E. were added to 2 g albumin 
(albumin v, sigma A4503). This mixture was stirred at a 
temperature of 2°C during 2 hours. Afterwards the p.E. 
was evaporated under vacuum. This dried coloured powder 
was subsequently dissolved in distilled water and this 
solution was filtered on a s & S blauband 5893 filter. The 
filtered solution was suitably diluted to 100 ml and stored
in the refrigerator.
Boro-silicate-glass vials containing the carotenoprotein 
solution vere exposed to doses up to 1500 krad.
From 10 ml of the irradiated solution the carotenoid content 
vas determined as follovs : in a separatory funnel 10 ml 
acetone, 10 ml methanol and 5 g (NH^pSO^ (Merck 1217) vere 
added to 10 ml carotenoprotein solution to precipitate the 
proteins.
The liberated carotenoids vere dissolved in p.E. A more 
quantitative extraction in p.E. vas achieved by addition 
of distilled vater, redissolving the protein precipitate.
This procedure vas repeated three times. The recovery of 
carotenoids before and after irradiation vas compared 
spectrophotometrically.
B.3. Addition of other fat soluble compounds to a solution 
of p-carotene in cyclohexane.
in order to study the possible modifying effects
of some free fatty acids on the radiation stability of
P-carotene in solution oleic acid (1 ml, 2 ml, 5 ml and 
10 ml respectively per 100 ml solution) vas added to a 
solution of p-carotene of different concentrations in 
cyclohexane. The effect of identical quantities of stearic 
acid (calculated in mM) vas compared.
B.4 . Thin-layer chromatographic analysis.
For the TLC analysis the irradiated solutions 
vere evaporated under reduced pressure. The precipitate vas 
subsequently dissolved in a fev millilitres of P.E. and
spotted on a silicagel H plate. As elution solvent a
mixture of P.E. (l00-140)-acetone (100:12) vas used.
After the séparation, the different fractions vere scraped 
off the plates and extracted from the adsorbent vith acetone.
The adsorbent was removed by filtration and the fractions 
evaporated to dryness and redissolved in a suitable solvent 
for spectrophotometric analysis. The method of Hager and 
Meyer-Bertenrath (1972) was used to separate a-carotene and 
P-carotene. six plates (layer thickness 0. 5 mm) were pre- 
pared with 29.5 9 Caco^ (Merck 2066), 6 g Mgo (Merck 5868), 
5 g ca^OHjg (Merck 2047) and 120 ml distilled water.
A P.E. (l00-140)-benzene-acetone (40:10:1) mixture was used 
as elution solvent.
B.5. petermination of the G value of P-carotene irradiated 
iR-the solvents hexane-, cyclohexane and benzene.
in the present study the G values are expressed 
as the number of p-carotene molecules degraded for an 
energy absorption of 100 ev and determined by the variation 
in the optical density at the main absorption maxima of the 
carotenoid spectrum.
The molar extinction coefficients of p-carotene 
in the various solvents were determined at room temperature. 
The best-fit line through the experimental figures (for 
solutions up to 7^M) was calculated according to the least 
squares methods (snedecor et al; 1968).
Accepting that a variation in optical density at 
the two absorption maxima can be interpreted as caused by 
a modification of the p-carotene molecule after irradiation, 
the G value was calculated as follows :
E. - E.
C = -------- (1) (in mole/litre)
where and E^  are the absorption a t  A m a x  before and 
after irradiation ; e is the molar extinction coefficient 
of p-carotene ; c is the concentration (mole/litre) of the 
degraded P-carotene.
in the équation (1) the exact value of 
should be written as :
Ei - E^C^ 1 + EpCg 1 + 1 ... 1
e = = thé molar extinction coefficient of
1
p- carotene.
s2? ^3 *** ^n molar extinction coeffi­
cients of the different dégradation 
products formed upon irradiation 
of P-carotene.
in the équation (1) we have supposed that
c = = E^  ... in other words : after irradiation we
have calculated our results as p-carotene
Eg ** E^ ^
C' = -------- x -\  (in molecules per gram)
s 10^d
where N is Avogadro's number and d is the density of the 
solution.
" B-] N - 1 2
G = -------- x — — - x B x 10 ev molecules per 100 ev
' ICpd
D is the dose expressed in ev/g.
The greater the différence between the molar 
extinction coefficient of p-carotene and the molar extinction 
coefficients of the dégradation products, formed upon 
irradiation, the more our approximative calculation method 
can be justified.
C. Results and discussions.
C.1. irradiation of crystalline carotenoids.
Crystalline p-carotene and canthaxanthin were 
irradiated under anaerobic conditions with doses of 50, 100, 
200, 500 and 1500 krad. in none of these cases any break- 
down of the carotenoid molecule could be detected neither 
by spectrophotometric analysis nor by TLC analysis. 
According to willard (1968), in samples of the vapor, the 
liquid and the solid state of a compound, exposed for equal 
time to the same flux of y-radiation, the energy deposited 
per gram is essentially the same for each. Différences 
caused by the small shifts in ionization potential and 
energy levels resulting from stronger intermolecular forces 
in the condensed phases are negligible. The energy of 
gamma ray photons is converted into kinetic energy of 
electrons by the compton and photo-electric processes, and 
this energy is dissipated by ionization and excitation of
***1 S
molecules within 10 sec or less.
in contrast to these primary processes, the subséquent 
chemical events evidently depend on the phase, 
in this way the stability of carotenoids upon irradiation 
in crystalline form, can be explained by the restricted 
mobility of the active species in this solid phase.
C.2 . irradiation of P-carotene in solution (in benzene, 
cyclohexane and hexane).
At a chemical level a soluté can be affected by 
radiation in two ways : either directly, in which case 
the initial process of energy déposition occurs within the 
soluté molecule, or, indirectly by the reactive moieties 
formed by the déposition of energy in the solvent ( Alexan- 
der et al. 1967). The alternatives of direct and indirect
action are of course not mutually exclusive ; both pro- 
bably contribuée importantly, except in the cases of very 
dilute solutions and of pure substances.
Most of our experimental work in this chapter 
relates to the measurement of the overall chemical change 
upon irradiation of ^-carotene in model solutions. No 
techniques were available for the direct identification of 
transient intermediates.
C.2 .a. Dilution test upon irradiation of P-carotene in 
benzene, cyclohexane and hexane.
A first series of experiments with diluted so­
lutions of P-carotene in the three solvents benzene, 
cyclohexane and hexane was carried out in function of the 
following parameters : the nature of the solvent, the 
concentration of p-carotene and the dose.
Air-free solutions with concentrations of 5,
25, 50* 75 and 100^M were irradiated with increasing doses 
up to 200 krad. immediately after the irradiation the 
percent dégradation and/or the G value for each experiment 
was calculated using the extinction coefficients of ^-caro- 
tene as listed in Tab. IV^.
The variation of the G values for the different 
^-carotene concentrations in the three solvents as a 
function of the dose are compiled in Tabs. IV^ and
IV^. Each G value is calculated as the mean value of a 
series of eight experiments.
Figs. IV^, IV^ and iv^ show the variation of the 
G value as a function of the concentration for the doses of
14, 52 and 105 krad.
Table i v .1 çalculated molar extinction coefficients of 
p-carotene at the vavelength,s pf maximum 
absorption.
Solvent ^Max.
(nm)
a
o *1
corrélation
coefficient
n-Hexane 449 7.64X10*3 1.2876x10^ 0.9999
476 5.6428x10*3 1.123 xio^ 0.9999
Cyclohexane 454 -4.9285X10*3 1.2442X10^ 0.9994
482 -6.5714X10*3 1.0768x10^ 0.9995
Benzene 463.5 -8.9285X10*3 1.1826xio5 0.9989
491.5 -9.214 xio*3 1.0214X10^ 0.9993
The values listed in this table are calculated from 
the standard plots of p-carotene in the given solvents, 
according to the équation y = a^ + a^x. The coefficient 
a^  expresses the molar extinction coefficient.
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Fig. IV ^ influence of the concentration of p-carotene on
the G-values (calculated for each solvent at the
high^st absorption maximum) for a dose of 14 krad.
A —A  c y c t o h e x a n e
Fig. IV^ influence of the concentration of p-carotene on 
the G-values (calculated for each solvent at the 
highest absorption maximum) for a dose of 52 krad.
c o n c e n t r a t i o n  o f  ^ - c a r o t e n e  ( ^ M )
Fig. IV^ influence of the concentration of p-carotene 
on the G-values (calculated for each solvent 
at the highest absorption maximum) for a 
dose of 105 krad.
From the data in Tabs. iv^, IV^* IV^ and the 
Figs. iv^t IV^, IV^ we can state that :
(1) The G values calculated from the variation in optical 
density at both absorption maxima compare very well.
(2) For each of the carotenoid concentrations studied 
the G values decrease with the dose.
(3) For a given dose the G values increase to a marked 
extent with the concentration.
(4) The nature of the solvent has a pronounced effect 
on the G value.
(5) For P-carotene in benzene and for a given dose the 
G value tends to remain constant for concentrations 
above 50,,M. if the dégradation of P-carotene is the 
resuit of an indirect effect only,for each concentra­
tion and for a given dose the same G value should be 
found. For low concentrations (5^ ,n) the dégradation 
might mainly be caused by the indirect effect.
Calculating the percent dégradation and the 
absolute quantities of the dégradation of P-carotene 
(Tab. IV,.) the contribution of the direct dégradation me- 
chanism with increasing soluté concentration is evidenced.
we can conclude from ail those data that P-carotene 
is most stable in benzene and most radiosensitive in 
cyclohexane. The relative radiation stability of P-carotene 
in benzene (except for the 5^M concentrations) should be
ascribed to the aromatic character of the benzene molecule.
t
Hereby the aromatic compound could share its re­
lative stability towards radiation with the dissolved 
p-carotene molecule.
Dose(krad)
Concentration of 
p-carotene in pM
(a) Dégradation of 0-ca- rotene
in % in mg/1
(b) Dégradation of 
0-carotene
in % in mg/1
(c) Dégradation 
of p-carotene
in% inmg/1
5 78.40 2.11 75.20 2.02 55.07 1.48
50 50 36.45 9.78 63.25 16.98 37.80 10.14
75 25.00 10.07 56.40 22.71 35.56 14.32
100 20.00 10.74 54.07 29.04 37.18 19.09
100
5
50 48.06 13.89 91.02 24.44 59.92 16.09
75 44.99 18.12 82.62 33.27 58.55 23.58
100 42.50 M 00 M 83.08 44.61 58.82 31.58
5 - -
150 50 78.91 2 1 . 1 9 - - 67.88 18.22
75 69.24 0000 91.52 36.86 73.84 29.74
100 56.68 3 0. 44 96.32 51.72 74.59 40.05
5 - -
50 78.43 2 1 . 0 9 - - 86.00 23.09
75 75.96 30.59 96.68 38.33 84.25 33.93
100 72.59 38.98 96.32 51.72 85.50 45.91
(a) irradiation in benzene, (b) irradiation in cyclohexane, (c) irradiation in hexane.
physical protection by the benzene molecule should 
involve the transfer of energy from an energy-rich species 
of p-carotene that might be either an ion or an excited 
molecule. Moreover, comparison of the yiels of radiolysis 
Products from benzene, cyclohexane and hexane shows that 
benzene gives appreciably smaller product yields, than cyclo­
hexane and hexane, particularly when it is irradiated as a 
liquid (spinks and woods 1964). Hereby it should be emphasized 
that by this stability of the aromatic compound, probably 
less reactive intermediates (especially H° radicals) are 
available for radical attack of the dissolved p-carotene 
molecule.
Those data are in contrast with the G values found 
for the irradiation of the 5 ^ M  solutions of p-carotene in 
benzene and hexane. While for low concentrations the contri­
bution of the indirect action is expected to be important, 
a greater G value is found for the experiments in benzene 
than in hexane.
This might be explained by the fact that the life 
time of a thermal hydrogen in benzene is greater than in 
hexane and cyclohexane (Holroyd; 1968).
phenyl radicals were never observed in the radio­
lysis studies of benzene. This is not surprising since phenyl 
radicals add rapidly to benzene.
in conclusion the reactions H° + solvent radical, 
competing with the reaction H° + p-carotene, will be more 
important for the experiments in cyclohexane and hexane.
Finally the decrease in G value as a function of 
the dose for a given concentration can be explained by the 
attribution of several processes.
1) Termination of radical reactions.
2) Decrease in the p-carotene concentration during 
irradiation and consequent decrease in the dé­
gradation rate.
3) To calculate the G values the optical density 
at Amax iyas measured. As described earlier 
in the text it was assumed that the absorption 
of an irradiated P-carotene solution was the 
result of the presence of p-carotene molecules 
only.
C.2 .b. TLC analysis of the irradiated P-carotene solutions.
Comparing the total absorption spectrum of y-irra- 
diated P-carotene as a function of the nature of the sol­
vents, the dose and the P-carotene concentration we could 
summarise that most considérable distortions in the spectral 
characteristics were obtained for the experiments in 
cyclohexane.
Figs. iv^, IVL and iv<, compare the spectra of 100 ,.M solu-6 / 0  r*
tions of p-carotene in benzene, cyclohexane and hexane after 
the irradiation with doses of 1 0 0, 50 and 100 krad, respecti- 
vely.
It appears from these data that the spectrum of 
irradiated solutions in benzene is hardly deformed, whereas 
for the experiments in cyclohexane important changes in the 
ultraviolet région are already observed at a dose of 50 krad. 
At doses above 200 krad the typical carotenoid spectrum en- 
tirely disappears.
The dégradation products of the irradiated solu­
tions, giving the spectral pattern represented in Figs. iv^,
O
IV^ and iv- were separated by TLC as described in the
7 o
experimental section of this chapter. As will be discussed 
below, probably similar dégradation products are formed upon 
irradiation of p-carotene in the three solvents chosen.
Fig. iVg Absorption spectrum of a ioo solution of 
p-carotene in hexane after irradiation vith 
a dose of 100 krad.
Fig. IVy Absorption spectrum of a 100 solution of 
p-carotene after irradiation with a dose of 
100 krad.
350 450
Fig. IVg Absorption spectrum of a 100 solution of 
j3-carotene after irradiation with a dose of 
50 krad.
on the chromatographic plate eight yellow bands 
appeared with decreasing Rp values. Tab. iVg compiles the 
characteristics of the dégradation products, after the 
irradiation of p-carotene in the three solvents, separated 
by TLC.
C.2.C. Discussion of some mechanisms involved in the 
dégradation of p-carotene upon irradiation in 
benzene, cyclohexane and hexane.
The distribution of certain structural indices in 
P-carotene, which can be used for the description of the 
electronic distribution in conjugated molecules, are repro- 
duced in Fig. IVg (pullman and pullman, 1963). For the 
sake of simplicity only one half of the molecule has been 
drawn, the other half being exactly symmetrical.
The energy of the highest filled molecular orbital 
(0.079 P-units) and the lowest empty molecular orbital (-0.183 
p-units) indicate that p-carotene should be both an excel­
lent electron donor and an excellent electron acceptor. 
pullman and pullman (1963) have also calculated the loca- 
lization energies of the carbon atoms in p-carotene for the 
different types of attack, nucleophilic, electrophilic or 
radical. The values of these energies are listed in Tab. iv^. 
This table definitely confirms that the main reactive center 
of the molecule (aside from the cyclohexene rings) toward 
any type of attack is position 7, as was already indicated 
by the high value of its free valence.
C.2.C.1. çis-trans isomerization.
Cis-forms of carotenoids absorb light of lower 
wavelength and lower intensities than the corresponding 
all-trans isomers (oavies, 1965). The Ashifts for different
Table iv.6 The characteristics of the dégradation products, 
separated by TLC, after irradiation of P-carotene 
in benzene, cyclohexane and hexane.
Shifts of the main absorption maximum of
the various dégradation products to- 
wards shorter wavelengths in nm com- 
pared with the main absorption maximum 
of unirradiated p-carotene.
Band R^-value Experiments 
in benzene
Experiments 
in cyclo­
hexane
Experiments 
in hexane
1 0.98 2.40-1.60 1.80-1.40 1.50-1.
2 0.84 30.20-28.50 27.70-26.50 26.70-26.21
3 0 . 7 2 61.50-55.70 58.70-52 55.20-51.30
4 0.50 65-60 - -
5 0.42 90 84 81
6 0.30 35-28 - -
7 0.25 6.00-5.80 4.30-4.00 3.70-4.50
8 0.00 90 84 81
H3O.9H
E t e c t
H , 0.973 H30.97!
I !
CO.220 C 0.216
Hg 0.H7
B o n d
r i c a )  c h a r g e s
o r d e r s
va)ences
Fig. Electronic indices in p-carotene (pullman
and pullman 1963).
Table iv .7 Carbon localization energies in P-carotene
(in P-units).
Localization energies
Carbon Nucleophilic Radical Electrophilic
15 2.12 2.06 2.00
14 2.13 2.06 1.99
12 2.15 2.09 2.03
11 2.07 2.03 1 .98
10 2.21 2.13 2.06
8 2.29 2.23 2.17
7 1 .95 1.92 1.88
cis-isomers are described by zechmeister (1962) and schwieter 
et al. (1968). Comparing the absorption spectra of the first 
band on the thin-layer (R^ 0.98) of p-carotene irradiated 
in the three solvents we can state that :
- the absorption maxima are shifted by 1 to 2.4 
nm to shorter wavelengths.
- a subsidiary cis-peak appears in the ultra­
violet région (around 340 nm).
This may probably be due to cis-isomers. Therefore it was 
concluded that this fraction on the thin-layer plate was a 
mixture of P-carotene and one or more cis-isomers.
This isomerization can be explained in two ways :
a) By direct interaction of the y-rays with the 
p-carotene molecule an electron from a molecular orbital can 
be ejected and the ionized species in which the electron 
hole is localized at any particular double bond site might 
appear to be a likely candidate for the rôle of an inter- 
mediate leading to cis-trans isomerization.
[ * ! * o
C — c ---  ---/\/\^— *  e*3 +  —  C — C —   ---C — C —  -* * -*- — C = C  —I I
C H ,  C H ,  C H , H  C H , H
It could be argued that the three electron carbon-carbon 
bond involved here retains considérable rigidity. However 
charge neutralization of such cationic radicals leads with 
high probability to a triplet excited state invoked in the 
cis-trans isomerization.
b) indirect radiation induced cis-trans isomeri- 
zation. Even at low concentration (5^ M) a cis-peak appeared 
in the total absorption spectrum of the irradiated solutions. 
TLC analysis of these irradiated low concentration solutions 
revealed the presence of cis-isomers in band 1. Therefore 
it was proposed that cis-trans isomerization probably occurs 
as the resuit of the indirect effect as well.
H H H H
! . ! + H° ) i
C = c ---  ------------ 3* —  C — c —  -------^  — C — C —
* ^ H ° ( s o t v e n t  r a d i c a t )  ( ) ) !
C H ,  C H , H C H ,  H
or C = C --
t )
CH ,H
+ H'
H
!
or -------- y  — C =  C —  -t H
t
CH3
C.2 .C.2 . shortening of the conjugated systems and formation 
of g-carotene.
The position of the long wavelength absorption bands 
(usually three) of the carotenoid spectrum is a function of
the number of conjugated double bonds in the molecule, in 
compounds containing two P-ionone residues, the absorption 
maximum at the shortest wavelength is reduced to a shoulder, 
whereas forana-carotenoid spectrum this peak is more or less 
pronounced.
By replacing one aliphatic double bond by a single bond the 
spectrum is shifted by 7-35 nm to the shorter wavelengths.
By replacing an ethylenic bond in the 6-membered ring this 
shift ranges from 5 to 9 nm.(schwieter et al. 1968).
From the shifts in absorption maxima of the dégradation pro­
ducts of p-carotene compiled in Tab. iv^ and the shape of 
the spectrum it was supposed that the conjugated system in 
the p-carotene molecule is shortened upon irradiation, 
in our opinion these results can be explained by either an 
initially direct or an indirect reaction mechanism.
Direct action on the p-carotene molecule can initially 
result in the homolytic scission of a c-H bond, apparently 
adjacent to a double bond.
upon the TLC analysis of the reaction products after the 
irradiation in the three solvents, band 7 (R^ 0.25) is 
probably a-carotene.
c
H
C
H
using the method of Hager and Meyer-Bertenrath (1972) -caro- 
tene ran above ^-carotene. The spectral pattern of this frac­
tion indicated that a-carotene vas formed upon irradiation.
e t c .
d o u b i e  b o n d s  out  
of  c o n j u g a t i o n
Homolytic scission of a c-H bond can also occur in the 
methyl groups adjacent to a double bond.
+ H*
CH,
This type of reaction can be written for each of the methyl- 
groups adjacent to a double bond, in this way two or more 
double bonds are moved out of conjugation.
Hydrogen radical addition can also occur on a double bond.
or
+  H'
^ - c a r o t e n e  w i t h  
3 d o u b t e  b o n d s  o u t  
o f  c o n j u g a t i o n
e t c .
Further by indirect action a methylgroup can also be split off.
—  c =  c
C H ,
H
H H 
! !
C —  C —
!
CH,
- C H ,
H H
! ! 
—  c = c
Ail reactions, represented above, between the 
^-carotene molecule and p-carotene radical and the solvent 
radical H° are expected to predominate any reactions with 
other solvent radicals for the following reasons :
- in the solvent H° radicals will be formed in 
preference since the splitting of a c-C  bond is more endo­
thermie than the splitting of a c -H  bond.
- The mobility of hydrogen radicals in the medium 
is much greater than that of alkylradicals.
- upon addition of H° on a c=C bond in the 
p-carotene molecule less steric hindrance will occur than 
by addition of alkylradicals.
Considering the spectral patterns of the dégradation products 
separated by TLC analysis and some possible reaction mecha- 
nisms outlined above we can summarize:
- fraction 1, is a mixture of unaltered P-carotene and
one or more cis-isomers.
- fraction 7, shows a typical spectrum of a-carotene.
- fraction 2, the A shift of about 28-30 nm can be
ascribed to a conjugated system with 9 
double bonds. (The ring double bond, and
the ethylenic bond between C- and Co are
7 o
moved out of conjugation.)
- fraction 3 and fraction 4, the A shift being twice that
of fraction 2,indicates that terminal 
attack at both sides of the molecules has 
occurred. Their absorption maxima should 
correspond to a polyene chain of 7 double 
bonds.
- fraction 5 and fraction 8 no longer show the typical
carotenoid spectrum, probably due to a large 
hydrogénation of the conjugated system.
- fraction 6, corresponds to a compound with a polyene
chain containing less than 7 double bounds.
C.3. irradiation of p-carotene in benzene/methanol mixtures.
C.3.a. Dilution test.
upon irradiation of P-carotene in benzene/methanol 
mixtures the behaviour of p-carotene in a more polar medium
vas studied.
The percent dégradation of ^-carotene vas studied 
as a function of both the P-carotene and the methanol con­
centration. p-carotene dissolved in benzene, benzene/methanol 
(75:25) and benzene/methanol (50:50) vas irradiated in 
anaerobic conditions as described in the experimental section. 
From the variation in optical density at the tvo absorption 
maxima the percent dégradation vas calculated. Assuming 
once more that the dégradation products do not influence 
the extinction of P-carotene, at both absorption maxima, 
vhich might represent an oversimplification, the relative 
contribution of direct and indirect interaction can be de- 
monstrated from the calculated percent dégradation values, 
in Tabs. iVg, IVg and I V ^  the dégradation of p-carotene 
as a function of the p-carotene concentration is compared 
in the three solvent systems.
in these tables it is shovn that for a concentration of 
5 P-carotene the dégradation decreases vith increasing 
methanol concentration.
The percent dégradation vas found to be the 
highest upon irradiation of lov concentrations of p-carotene 
(5 jU,M) in benzene. These results compare very vell vith 
the conclusions dravn in chapter iv, C.2 .a. vhere it vas 
stated that the indirect effect in benzene vas more pronounced 
than in cyclohexane and hexane.
Despite the higher radical and molecular yields for methanol, 
cyclohexane and hexane, the radiosensitivity of p-carotene 
is the highest in benzene, at lov p-carotene concentrations. 
The only possible explanation is that radical reactions 
betveen solvents fragments and ion-molecule reactions 
predominate for the solvents benzene/methanol, cyclohexane 
and hexane.
Radicals formed in benzene should preferentially interact 
vith the dissolved p-carotene.
and the conce n t r a t i o n .
D o s e
(krad) 5 25 50 75 100
*463 *491 *463 *491 *463 *491 ^463 *491
1*463 < *491
3.32 6 . 1 4 7.94 2.16 2 . 3 2 1.18 1.74 1 .69 1.93 1.64 1.52
6 . 6 4 14.40 15.30 3.59 3.48 3.86 4.06 3.01 3.23 3.25 ' 3.37
9.96 20.78 20.88 7.04 7.36 5.70 6.96 5.36 3.81 4.36 4.38
'13.28 26.80 27.68 10.56 10.44 9.88 9.48 6.49 6.97 7.12 7.45
16.6 35.34 36.98 12.44 11.56 13.06 13.94 7.41 8.12 9.22 9.34
24.9 48.08 48.34 18.80 18.60 16.18 18.58 12.07 13.16 14.88 14.14
33.2 58.62 57.12 29.36 29.04 19.94 20.28 15.64 16.77 17.58 18.04
41 .5 66.66 67.02 36.56 36.40 25.95 25.96 19.64 20.13 19.94 19.46
49.8 78.40 77.44 43.88 43.36 36.43 36.12 25.04 24.34 20. 00 21.72
99.6 74.82 72.05 48.06 48.16 44.99 45.12 49.50 43.14
149.4 71.11 7 2 . 1 2 69.07 69.24 56.68 57.34
Dose(krad) 5 25 50 75
100 pM
*461 *489 *461 *489 *461 *489 *461 *481 *461. *481
3.32 5.40 5.84 1 .04 1.94 2.96 3.11 3.25 3.24 1.91 1.65
6.64 10.80 18.48 6.26 7.00 5.92 4.83 5.15 5.22 4.86 5.13
9.96 17.77 18.28 12.19* 14.33 9.93 9.72 9.91 9.87 7.97 6.35
13.28 22.81 23.92 16.37 17.5 12.76 13.6 12.54 11.28 8.94 ' 9.75
16.6 28.29 27.40 18.81 19.34 17.94 17.5 17.32 18.41 13.09 14.00
2 9 . 4 44.29 42.20 29.96 30.34 27.35 25.48 26.59 25.79 21.68 21.42
33.2 50.56 50.92 42.50 43.18 33.79 33.46 33.12 34.07 33.45 32.37
41.5 62.02 62.24 51.96 51.72 46.86 46.48 39.59 39.43 39.28 38.93
49.8 69.04 68.74 62.67 62.66 52.12 53.96 49.72 49.61 47.28 46.99
99.6 87.80 87.32 79.54 80.00 75.07 75.04 73.10 73.25
149.4 91.40 92.4 94.65 93.21 85.86 86.76
Dose(krad)
5 25 50 75 100
*458 *485 *458 *485 *458 *485 *458 *485 458 *485
3.32 4.30 4.34 2.26 2.36 1.39 1.18 1.49 1.45
6.64 9.38 8.90 5.90 6.32 3.94 4.16 3.77 3.56 3.44 3.36
9.96 15.28 13.84 7.08 7.52 6.68 6.92 5.37 5.27 6.52 6 . 3 2
13.38 18.36 19.18 9.96 11.48 9.44 9.28 8.24 8.69 8.42 8.30
16.6 22.14 22.34 14.4 15.00 11.34 11.26 10.55 10.67 10.12 9.68
24.9 32.44 33.40 20.24 22.12 21.46 21.34 15.27 15.55 17.16 17.00
33.2 41.88 42.88 27.64 28.84 30.38 26.68 22.67 23.32 26.96 27.28
41.5 51.16 52.18 37.40 38.32 39.96 40.12 2 7 . 2 2 26.98 29.36 29.84
49.8 59.68 58.36 46.64 45.28 42.10 40.18 35.15 36.01 34.00 34.18
99.6 84.38 82.20 82.92 81.97 78.80 79.84
149.4 97.04 96.4 96.57 95.23 97.16 97.86
From 25^M p-carotene concentrations the lowest dégradation 
of p-carotene is found in benzene. For higher P-carotene 
concentrations the dégradation is mainly affected initially 
by the direct effect. As stated, the aromatic character 
of the benzene molecule protects the p-carotene molecule 
against the direct interactions of the gamma rays.
It was found peculiar that for the experiments in benzene/ 
methanol (7 5 :2 5) the percent dégradation was higher than 
for those in benzene/methanol (50:50).
The radiosensitivity of P-carotene is about the same in the 
two mixtures benzene/methanol for the experiments with 
75 and 100 p-carotene concentrations.
As a conclusion Figs. I V ^  and i v ^  compare the influence 
of the solvent upon the radiation dégradation of P-carotene 
as a function of the concentration.
For these doses the radiation sensitivity of 
P-carotene in cyclohexane, hexane and benzene/methanol 
mixtures seems to be about the same.
The presence of methanol in benzene enhanced the 
radiosensitivity of p-carotene.
C.3.b. comparison of the total carotenoid spectrum and
TLC analysis of the irradiated p-carotene solutions.
in an analogue way as in chapter iv,  C.2.b. the 
deformation of the total absorption spectrum upon irradiation 
was studied as a function of the nature of the solvent, the 
P-carotene concentration and the irradiation dose.
For a 5^,M p-carotene concentration the deformations 
of the absorption spectra for the experiments in benzene and 
in benzene/methanol mixtures compare very well.
Fig. IV., influence of the solvent upon the radiation dégradation of ^-carotene as 
a function of the concentration.
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Fig. I V ^  influence of the solvent upon the radiation dégradation of ^-carotene 
as a function of the concentration.
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For the higher jg-carotene concentrations (50^M,
75 ^M, 100 ^M) the deformations of the spectra and the 
hypsochromic shifts of the absorption maxima were more pro- 
nounced for the experiments in benzene/methanol especially 
for doses up to 100 krad.
The carotenoid spectra disappear entirely for the 
irradiation experiments in benzene/methanol at a dose of 
150 krad.
For the experiments in benzene, on the contrary, 
only minor shifts were noticed.
These results confirm that from a concentration 
of 25 on, p-carotene is most radiation stable in benzene.
TLC analysis of an irradiated solution of 100 
p-carotene with a dose of 100 krad in the solvent mixtures 
benzene/methanol also revealed the presence of eight 
coloured fractions.
The spectral pattern of these fractions also 
indicated the formation of cis-trans isomers, a progressive 
shortening of the conjugated system and the presence of 
a-isomers.
using the procedure of jamamoto (1 965) no po­
sitive indication of the presence of epoxide groups were 
found.
The possibility of the presence of aldehyde- and 
keto groups was tested according to the method of Bancher 
et al. (1972)  without positive resuit.
As a conclusion it can be stated that : probably 
analogue mechanisms are involved leading to the formation
of dégradation products when irradiating p -carotene in 
benzene and benzene/methanol mixtures.
C.4. irradiation of 0-carotene in the presence of fat 
soluble compounds.
Fats and fatty acids form an important constituent 
of foods and can be one of the variable factors in meat- and 
fish products. The influence of the incorporation of 
oleic- and stearic acid on the radiation sensitivity of 
p-carotene in cyclohexane was studied in some experiments. 
Cyclohexane was chosen as solvent, because the previous 
experiments have proved an enhanced radiation sensitivity 
of p-carotene in cyclohexane.
C.4 .a. The extent of dégradation of p-carotene in the 
presence of mono-unsaturated fatty acids is 
exemplified in the system oleic acid in cyclohexane.
For a concentration of 5^,M, respectively 50 ^ ,M 
of p-carotene in cyclohexane it was observed that the 
percentage loss of p-carotene was not altered in the 
presence of 1% and 2% oleic acid when exposed to a radiation 
dose up to 93 krad.
On the contrary concentrations of 5% and 10% 
oleic acid remarkably enhanced the percent dégradation
of p-carotene. in Figs. i v ^  and i v ^  the influence of the 
oleic acid concentration is shown.
For an initial pigment concentration of 50 p-carotene 
underwent less destruction in a solution containing 5% 
oleic acid than for an initial pigment concentration of 
5 (Tab. IV^).
Fi 3. IV influence of the oleic acid concentration on the radiation dégradation 
1 2
of a 5^M solution of p-carotene in cyclohexane. 1
4
4
Fig. IV influence of the oleic acid concentration on the radiation dégradation 
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3 50^M solution of p-carotene in cyclohexane.
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on the percent dégradation upon irradiation 
of P-carotene in solution in cyclohexane con- 
taining 5% oleic acid (1 57.52 mM oleic acid).
Dose
krad
5 p-carotene 50 p-carotene
7.75 19.97 15.76
15.5 37.56 29.11
23.25 47.41 38.39
31 56.74 48.39
46.5 76.20 61 .28
62 81.19 71 .18
77.5 89.12 8 1 . 2 7
93 92.15 85.76
Oleic acid, being a H° acceptor as well as a 
H° donor upon irradiation as will be amply discussed by 
Beke ( 1 9 7 4 ) ,  should be responsible here for the enhanced 
radiation sensitivity of p-carotene.
By introducing a H° donor in the medium, radical 
reactions between p-carotene and H° will be responsible 
for the enhanced radiation dégradation of p-carotene by 
mechanisms previously outlined in the text.
C.4 .b. Addition of stearic acid to a solution of #-carotene 
in cyclohexane upon irradiation.
Exposure of oleic acid to y-rays under anaerobic 
conditions mainly results in polymerization, cis-trans 
isomerization, décarboxylation and hydrogénation (Howton 
and wu 1967) while stearic acid under identical conditions 
mainly yields décarboxylation and polymérisation.
in both cases hydrogen is an important constituent 
of the mixture of gaseous products.
The possibility of oleic acid to take up H° (to 
undergo hydrogénation) is considered to be one of the 
reasons why p-carotene-was less degraded in the presence 
of oleic acid than in the presence of stearic acid.
Experiments with stearic acid were only carried 
out at one concentration of 1 . 79 22  g/1 (63.01 mu) because 
higher stearic acid quantities remained insoluble in 
cyclohexane.
Tabs. IV^2 and I V ^  compare the radiation sensi­
tivity of p-carotene in cyclohexane in the presence of a 
saturated and an unsaturated fatty acid of equal chain length.
Table iv.12 percent dégradation of #-carotene (5^M) in 
cyclohexane in the presence of oleic acid 
and stearic acid, as a function of the dose.
1
Dose 
! krad
5 p-carotene 5 p-carotene 
+ 6 3 . 0 1 mu ste­
aric acid.
5 p-carotene 
+ 157.52 mn 
oleic acid.
7.75 18.65 23.41 19.97
15.5 31.14 36.67 37.56
23.25 40.5 47.87 47.41
31 50.05 55.79 56.74
46.5 63.84 67.89 76.20
62 73.32 76.84 81.19
77.5 80.09 84.36 8 9 . 1 2
i
93 86. 06 89.79
.
92.15
Table IV . 13 percent dégradation of ^-carotene (50 in 
cyclohexane, in the presence of oleic acid 
and stearic acid, as a function of the dose.
Dose
krad
P-carotene p-carotene 
63.01 mM 
stearic acid.
^-carotene 
1 57.52 HIM 
oleic acid.
7.75 12.44 17.55
!
15.76
15.5 23.69 30.81 2 9 . 1 1
23.25
'
32.10 41.10 38.39
31 41.32 48.78 48.74
j 46.5 54.11 62.27 61.30
62
i
65.79 74.73 71.18
i 77 ^ 73.52 81.80 81.27
' 9 3 
i
79.91 87.03
t
85.76
Radical H° addition on a double bond in oleic 
acid probably will compete with the radical reaction :
H° + p-carotene and in this way a lover percent dégradation 
of p-carotene was found in the system oleic acid in cyclo- 
hexane upon irradiation.
C.4.C. irradiation of #-carotene in cyclohexane paritally 
saturated with hydrogen.
By deducing probable mechanisms of the radiolysis 
of p-carotene in organic solvents it was believed that 
reactions between H° and p-carotene or p-carotene radicals 
importantly contributed to the radiation dégradation of 
p-carotene.
To study the possibility of this mechanism 
experiments were carried out with a solution of p-carotene 
in cyclohexane, partially saturated with hydrogen.
Before the irradiation a constant stream of 
hydrogen (60 bubles/min) was passed through the P-carotene 
solution in the irradiation vial for 10 minutes.
Tab. I V ^  shows the effect of the presence of 
on the percent dégradation of p-carotene upon irradiation
in cyclohexane.
Hereby it is demonstrated that the presence of 
hydrogen increased the dégradation of P-carotene in
cyclohexane upon irradiation.
Table iv . 1 4 Effect of the presence of on the percent 
dégradation of P-carotene (5 in 
cyclohexane.
Dose
krad
P-carotene p-carotene 
+ Hp gas
7.75 18.65 19.43
15.5 31.14 33.18
23.25 40.15 46.54
31 50.05 57.35
46.5 63.84 70.33
62 73.32 81.73
77.5 80.09 83.08
93 86.06 94.32
C.4.Ó. comparison of the total absorption spectra and
TLC analysis of irradiated solutions of ^-carotene 
in the presence of fatty acids.
As far as the total absorption spectra are 
concerned we can state that the addition of fatty acids 
did not influence the spectral patterns of irradiated 
P-carotene solutions.
TLC analysis did show that the same dégradation 
products were formed upon the irradiation of p-carotene 
in cyclohexane whether fatty acids are present or not.
However the séparation of the different fractions 
was very difficult because of the presence of the fatty 
acids, masking the different fractions.
C.5. irradiation of p-carotene and canthaxanthin adsorbed 
on albumin.
The presence of watersoluble carotenoproteins in 
food products was simulated by modelsystems in which 
P-carotene and canthaxanthin was adsorbed to albumin.
It appeared that in the aqueous solutions of 
p-carotene-albumin and canthaxanthin-albumin, the pigments 
form a complex with the protein. This was evidenced by 
the fact that addition of methanol, acetone and (NH^^SO^ 
was necessary to achieve complete re-extraction in petro­
leum ether. Analysis of the spectral characteristics of the 
pigments revealed that those were not altered after the 
adsorption on albumin. on the other hand the spectral 
patterns of the adsorbed pigments were obviously different 
from those in the common organic solvents (Figs. I V ^  and 
IV.^). it was found that canthaxanthin adsorbed more 
readily than p-carotene. After the irradiation of the
300 400 500 600 700 "rn
Fig. IV. . Absorption spectrum of Fig. IV„^ Absorption spectrum of 
14 15
jg-carotene adsorbed to canthaxanthin adsorbed
albumin. to albumin.
water soluble carotenoprotein complexes, the carotenoid 
content was recorded.
C.5.a. Radiation lability of P-carotene and canthaxanthin.
in Tab. iv„„ the percent dégradation of P-carotene 
1 5
as a function of the dose for two different concentrations 
is listed.
After the irradiation with a dose of 500 krad 
the production of H^S was noticed.
increasing viscosity of the carotenoprotein solutions was 
observed as a function of the dose.
After the irradiation with a dose of 1500 krad a solid gel 
was obtained.
The extent of dégradation upon irradiation of canthaxanthin 
adsorbed to albumin is shown in Tab. IV„^. in this protein
! O
complex canthaxanthin seemed to be more stable than p-carotene. 
Here too H^S formation was characteristic after the irra­
diation with a dose of 500 krad. An increase in viscosity 
was also observed although to a lesser extent than with 
P-carotene.
The spectral recordings of the pigments after 
the extraction from the irradiated aqueous solutions in- 
dicated that p-carotene and canthaxanthin had not undergone 
any qualitative change after the irradiation in contrast 
with the considérable distortions in the spectra after the 
irradiation in apolar solvents.
No dégradation products were detected upon the thin layer 
chromatography of the pigments extracted from the protein 
complexes after the irradiation.
Table iv . 1 5 Dégradation of P-carotene adsorbed on albumin 
as a function of the dose for an initial con­
centration of 8,7 (a) and 4 , 8 ^ M  (b).
r*
Dose
;krad
% dégradation
(a)
!
(b)
t - - -
j 100 2.12 3.23
j 200 2.45 8.21
300 4.36 9.38
400 8.36 22.29
500 21.44 22.46
600 26.50 27.75
700 30.62 30.31
800 38.43 45.18
900 45.93 52.48
1000 51.59 55.57
Table iv.16 Dégradation of a 9 , 2 solution of canthaxanthin 
adsorbed to albumin as a function of the dose.
Dose
krad
% dégradation
20 1.42
400 1.45
600 4.64
800 5.37
1000 7.39
1500 9.45
C.5.&. Discussion.
From an analysis of the aqueous solutions of 
carotenoproteins it is evident that j3-carotene and cantha- 
xanthin in these systems are quite resistent toward 
radiation damage in contrast to the behaviour of these 
pigments in a polar solvent.
in the carotenoid-protein complex it is reasonable 
to expect a protection of the pigments from radiation 
damage by thiol containing amino acids (sulphur - containing 
amino acids being the principal points of damage upon 
irradiation of proteins).
As to us the reactions accounting for the increased 
carotenoid stability upon irradiation of carotenoproteins 
can be summarized as follows :
RSH----_____*RS° + H°
2RS°------- * RSSR
sulphydryl containing substances having a labile 
hydrogen atom can also give a hydrogen atom to radiation 
induced radicals converting them into a stable molecule, 
i.e. (abstraction of hydrogen occurs both by direct and by 
indirect action).
RH ----------- ^ ---* R° + H°
R° + XSH------- *- RH + XS°
XS° + XS°-------- * XSSX
The polymerization reactions are responsible for 
the increased viscosity, noticed in the experiments.
Formation of H^S results from the following 
reactions :
RSH — R° + SH°
SH° + H°------
The nature of the carotenoprotein bond seems to 
qualify for the radiation-protective agent. P-carotene and 
canthaxanthin appear to form a complex with albumin as 
is evident from the need for protein denaturating agents 
to get complete recovery.
The spectra of the aqueous carotenoprotein so­
lutions indicate a hypsochromic shift in the spectrum of 
the P-carotene-albumin complex and a bathochromic shift 
for the canthaxanthin-albumin complex.
Specific adsorption of the carotenoids to the 
proteins can account for the specific structure of the 
spectrum of the carotenoproteins.
Considering the electronic indices of p-carotene 
the electronic deficient can easily interact with the 
nucleophylic groups of the proteins. The hypsochromic 
shift and the loss of fine structure in the spectrum of 
the p-carotene-albumin complex might typify a complex with 
a considérable distortion in the conjugated system.
Due to the presence of two ketonic functions in 
canthaxanthin more places for interaction with albumin are 
present than in the case of p-carotene.
The bathochromic shift of the spectrum of the 
canthaxanthin-protein complex can be explained by the 
overlapping of some orbitals of the amino acids and of 
canthaxanthin resulting in a smaller excitation energy.
Besides formation of a complex, the orientation 
of P-carotene and canthaxanthin (which are essentially 
lipid soluble molecules) may account for an increased 
stability.
It is possible that in the p-carotene-albumin 
complexes and canthaxanthin-albumin complexes the sensitive 
loei of the carotenoid molecule may be kept away from the 
proximity of free radicals produced in the aqueous phase.
A better molecular protection mechanism in the 
canthaxanthin-albumin system might explain the higher 
radiation stability of this complex in comparison to the 
P-carotene-albumin complex.
The most reactive centers for radical attack 
being protected in the carotenoprotein complex also 
explains the absence of dégradation products.
C H A P T E R  V
CAROTENOID STABILITY DURING RADURIZATION OF THE
BROWN SHRIMP - (CRANGON VULGARIS FABR.).
in the introduction the importance of extending 
the shelf-life of the brown shrimp by gamma irradiation has 
been discussed.
vyncke and Declerck (1 9 7 2) evaluated the useful- 
ness of several commonly used objective quality indices 
in determining the quality of irradiated shrimps.
Their tests and organoleptic judgment showed the 
shelf-life of brown shrimps to be extended by at least 
12 days by gamma irradiation. The optimal dose appeared 
to be 100 krad. with doses of 300 krad and higher, 
unacceptable off-flavours were noticed. After irradiation 
the shrimps were kept at o°C.
Especially TVN (total volatile bases) and ammonia 
appeared to be fairly reliable indices of spoilage for 
irradiated shrimps.
parallelling these investigations the influence 
of gamma irradiation on the carotenoid stability in 
boiled shrimps was studied.
This chapter deals with the stability of caro­
tenoids in gamma irradiated (co^°) boiled and unboiled 
unpeeled shrimps. The carotenoid stability was also 
studied upon irradiation of salmon species.
Finally a crude extract of shrimp carotenoproteins 
in phosphate buffer was irradiated.
A. M a t e r i a l s .
The boiled shrimp samples in this study were 
identical to those described in chapter 1 1 . These shrimps 
were kept at o°C during transport, irradiation was carried
out about 40 hours after catch.
Samples of salmo salar and prchorynchus nerka 
were kindly supplied by Dr. w. vyncke of the Fisheries 
Research station at ostend.
B. Methods.
B.1. irradiation procedure.
The shrimps were packed in paper bags of 1 kg 
each which were then wrapped in polyvinylchloride stretch 
film to prevent dessication. Radurization was carried out 
in a research irradiator consisting of a watertight 
container lowered between a source stored in the
hydraulic channel of the BR^ reactor at the i.R.E. (Mol).
Five kg of shrimps were irradiated with doses 
varying from 50 krad to 300 krad and the measured over­
dose ratio was 1 . 3
The importance of accurately determining this 
ratio and of keeping it at a minimum level was stressed 
by Leone (1 970) and schiettecatte (1969). The source 
activity was 100,000 Ci ; the dose-rate 498 krad/hr.
During irradiation, the temperature of the 
shrimps increased by a few degrees only.
B.2. Analysis of the pigments in the irradiated shrimp.
The continuous column-extraction method with 
acetone, as described in the experimental section of 
chapter 1 1 , has been used whenever quantitative analysis
was needed to be done.
The total pigment content of the irradiated and 
unirradiated samples was determined spectrophotometrically 
and expressed arbitrarily as ^g p-carotene per gram dry 
weight as is also outlined in chapter 1 1 .
Qualitative pigment analysis of the irradiated 
and non-irradiated samples was carried out by TLC as 
described in chapter n .
C. Results.
C.1. Effects of irradiation on the pigments of boiled 
shrimps.
in Tab. the effect of gamma irradiation on 
the pigment content of different shrimp samples was 
compared. post-operative effects were measured after a 
storage of 20 days at 4°c.
A perusal of the data in this table shows that 
immediately after the irradiation there is no différence 
in the pigment content between the irradiated and the 
non-irradiated samples. At sight no noticeable changes 
in colour were observed. These results show that the ca­
rotenoids in shrimps are remarkably stable toward gamma 
rays.
Contrary to our expectations an increase of 
extractable pigments was found in the non-irradiated 
samples after a storage of 20 days at 4°C. This could be 
ascribed to changes in internai structure of the shrimp 
that would facilitate the extraction. Losses of relatively 
great magnitude were found in the irradiated samples after
T a b l e  v.1 Direct- and p o s t - o p e r a t i v e  effe c t  o f  g a m m a - i r r a d i a t i o n  on the c a r o t e n o i d  c o n t e n t  of
S h r i m p  ( ç rangon v u l g a r i s  Fabr.).
Exp. Date of analysis 0
Dosein
50
krad
100 200 300
N° ^g/g % ^9/9 % ^9/9 % ^9/9 % p9/g %
1. 14.4.1970 2 3 , 8 100 - - 2 3 . 6 98,9 23,2 97,8 22,9 96,1
after 20 days 
of storage 24.6 100 21,9 89 21,4 87 20,4 . 82
2. 20.5.1970 21,4 100 - - 21,7 100 21,2 99,5 21,1 98,4
after 20 days of storage 21 .3 100
18,5 86,6 16,8 78,8 1 5 , 8 74
3. 11.6.1970 23.3 100 - - 23,2 99,7 23,2 99,6 23,0 99
after 20 days of storage 26,0 100 — — 20,9 80,5 21,0 80,8 19,3 74,5
4. 22.9.1970 18,5 100 18,6 100,2 19,2 103,1 18,4 99,2 - -
after 20 days of storage 19,4 100 16,6 85,7 1 5 , 6 75,8 13,3 68,6
5. 1 3 .1 1 . 1 9 7 0 16,2 100 15,4 95,2 15,5 95,6 1 5 , 6 96,1 - -
after 20 days of storage 16,7 100 1 2 , 7 76
1 1 . 2 66,9 10,9 6 5 , 1
6. 19.1.1971 16,7 100 15,5 9 2 , 6 16,4 98,2 16,0 96,1 - -
after 20 days 17,0 100 1 4 , 2 83,0 13,5 79,7 11,9 69,1
T h e  f i g u r e s  g i v e n  in this t a b l e  ar e  e x p r e s s e d  as ^ g  ^ - c a r o t e n e  per g d r y  veight 
or as p e rcent of the p i g ment c o n t e n t  in the n o n - i r r a d i a t e d  samples.
S t o r a g e  t i m e  : 20 d ays at a t e m p e r a t u r e  o f  4° C.
a 20 days' storage at 4°c. These post-operative losses 
were mainly pronounced in autumn - (the season during which 
the shrimp contains less carotenoids).
However despite these changes in the pigment con­
tent no noticeable visual discoloration was observed. This 
judgment on colour was performed by a panel of four members 
scoring the colour of irradiated shrimp as excellent.
The pigment extracts of all samples were analyzed 
by TLC. So far and contrary to the results with prawns 
(xumta et al. 1 966) and salmon species (chapter V.c.3.) none 
of the different pigments in shrimps were destroyed prefe- 
rentially. on TLC the same fractions were obtained for 
the irradiated samples compared with the untreated ones.
No dégradation products were found upon TLC.
After a 20 days' storage the absorption spectrum of the 
total extract as well as the spectra of the different caro­
tenoids after the chromatographic séparation remained un- 
changed.
Those results clearly show that changes in colour 
will certainly not be the limiting factor when radurizing 
shrimps.
C.2 . irradiation of unboiled shrimps.
in an analogous way unboiled shrimps were irra­
diated with doses of 100 krad up to 350 krad. Quantitative 
détermination of the carotenoids after the irradiation showed 
there was no loss of pigment content. At sight no disco­
lorations were observed. TLC analysis revealed no dégra­
dation products.
Storage experiments after the irradiation were 
not carried out because pigment dégradation and - altérations 
were performed enzymatically (i.e. hydrolysis of the ester 
pigments).
in this way post-operative effects of radurization 
could not be measured.
C.3. Effect of irradiation on the shrimp carotenoproteins 
in 0. 1 M phosphate buffer.
The crude extract of the carotenoproteins of 
shrimps in o.1. M phosphate buffer (pH 7 ) was irradiated 
in an identical manner as the p-carotene-albumin and the 
canthaxanthin-albumin complexes.
From the results in Tab. it is apparent that 
the carotenoproteins, irradiated as described above, are 
very stable toward gamma rays. in this way the experiments 
with model systems and carotenoproteins isolated from 
shrimps compare very well.
)
C.4. Effect of irradiation on salmon carotenoids.
in the case of salmon species and the penaeidae 
shrimps, carotenoid dégradation may limit acceptability 
of the product after the irradiation. Kumta et al. (ï970) 
stated that in prawns the naturally occurringastaxanthin 
pigment is readily destroyed at radiation doses above 250 
krad.
By way of comparison ice-cooled salmo salar 
and prchorynchus nerka samples were also irradiated at 
a dose of 300 krad.
irradiation of the watersoluble caroteno­
protein complexes.
Dose in krad % dégradation
200 1.45
400 4.73
600 7.55
800 10.32
1000 16.21
1500 26.63
The concentration of the carotenoprotein solution 
expressed as p-carotene was 4^M.
The results are a mean value of 4 experiments.
Those irradiated samples exhibited a pronounced 
discoloration, spectrophotometric analysis did not reveal 
the typical symmetrical absorption curve of astaxanthin any 
more.
Based on the changes in optical densities almost 
90% of the pigment content vas lost after the irradiation.
It is shovn that as to the brovn shrimp only, 
radurization vill have no influence on the colour as 
quality parameter, othervise it is peculiar that asta­
xanthin present in the three groups of sea foods is destroyed 
in a different vay.
D. Discussion.
Since the shrimp and salmon are complex systems 
and since upon irradiation a variety of factors operate 
simultaneously, it is very difficult to define per se the 
influence exerted by any single factor.
The variation in the pattern of dégradation of 
carotenoids could be due to the différences in nature of 
the carotenoids, - in their concentration, - in their 
compositional and physico-chemical variations vithin biolo- 
gical systems etc., and to the influence either sensitizing 
or protective, exerted by other food components in the 
medium.
Considering the results obtained from the irra­
diation of shrimps and salmon it vas thought that model 
systems vere useful in elucidating some factors affecting 
the radiation sensitivity of carotenoid pigments.
From our modelsystems vith ^-carotene-albumin 
complexes and canthaxanthin-protein complexes it vas
deduced that the effective number of vulnerable sites in the 
carotenoid molecule accessible to free radical attack may 
differ greatly resulting in a varied response toward radia­
tion injury.
in the case of shrimps analogue protective me- 
chanisms by proteins might be postulated to explain the 
radiation stability of carotenoids upon irradiation.
The différence in radiation sensitivity of 
shrimp- and salmon pigments should be explained as follows :
Astaxanthin and its ester derivatives in salmon 
species are nor bound to proteins. Moreover in contrast 
to shrimps (containing only 2% fat) salmon species contain 
up to 18% fat.
probably the orientation of the astaxanthin mo­
lecules should favour the direct action of the y-rays 
and the reactions between astaxanthin and the free radicals 
produced in the medium.
The absence of dégradation products upon storage 
of irradiated boiled shrimps should be due to a variety 
of uncontrolable mechanisms.
GENERAL CONCLUSION.
in the introduction it vas discussed that there 
exists a need for extending the market life of various 
fishery products to increase the nutritional status of the 
population in various countries.
World vide reports have constantly indicated that 
fishery products can be treated vith lov doses of radiation 
to extend their market life.
presently, in the field of food irradiation there 
is little standardization as to the measurement and ex­
pression of either the radiation dose or the product quality.
in this study some more fundamental vork was 
carried out on the colour, as quality factor, of the shrimp.
in chapter 1 1 .A. an extensive analysis of the 
carotenoids in boiled shrimps vas carried out. it was 
shown that a series of carotenoids are responsible for the 
colour of the brown shrimp : astaxanthin, astaxanthin-mono- 
ester, a minor unsaponifiable xanthophyll, astaxanthin-di- 
ester, a mixture of zeaxanthin-, isozeaxanthin- and lutein 
esters, and p-carotene.
Hereby the fatty acids, esterified vith the 
carotenoids, were also qualitatively determinated.
- in chapter ii.B. some of the molecular properties 
of the different carotenoproteins in the unboiled shrimp 
vere studied.
An estimation of the molecular weight of the 
carotenoproteins was performed.
From the carotenoid analysis of the different 
shrimp carotenoprotein fractions it was concluded that 
ail carotenoids are bound to proteins in the unboiled 
shrimp. The problem whether the shrimp carotenoproteins 
are true carotenoproteins or lipoproteins with lipid 
associated carotenoids still exists.
- Because of the complexity of food products 
it was impossible to detail the mechanisms involved in 
the dégradation of carotenoids in the shrimp medium.
A progressive development of irradiating p-carotene 
in model systems was performed in order to understand the 
different factors that determine the radiation dégradation 
mechanisms.
irradiation experiments of P-carotene in organic 
solvents revealed that the carotenoid concentration, the 
nature of the solvent and the radiation dose are three 
important factors determining the radiation sensitivity 
of p-carotene.
From the dégradation mechanisms, amply discussed 
in the text, we can summarize that :
by direct and/or indirect interaction of the 
gamma rays a progressive shortening of the conjugated 
polyene chain is found, as well as the formation of a-iso- 
mers and cis-trans isomers.
By addition of radical donors, as outlined for 
oleic- and stearic acid, the radiation sensitivity of 
p-carotene is enhanced.
To underline the eventuality of the réaction 
mechanisms between H° radicals and p-carotene molecules or 
p-carotene radicals, p-carotene was irradiated in cyclo­
hexane partially saturated with hydrogen.
- The presence of watersoluble carotenoproteins 
in food products was simulated by modelsystems in which 
p-carotene and canthaxanthin was adsorbed to albumin.
A protection of the pigments from radiation 
damage by thiol containing amino acids was discussed.
The importance was stressed that in carotenopro­
teins the sensitive loei of the carotenoid molecule are 
kept away from the proximity of free radicals produced 
in the surrounding medium upon irradiation.
- Finally as a matter of application the radiation 
sensitivity of carotenoids in the boiled shrimps and in 
salmon species was studied.
It was found peculiar that astaxanthin, present 
in shrimp and salmon, was destroyed in a different way.
in elucidating the factors that affect the dif­
ferent radiation sensitivity of respectively shrimp- and 
salmon carotenoids, the results obtained from irradiation 
of carotenoids in modelsystems were very useful.
The différence in radiation sensitivity of shrimp 
and salmon pigments should be explained as follows :
Astaxanthin and its esters in salmon species are 
not bound to proteins. in this lipid-rich medium (18% 
lipids) the orientation of the astaxanthin molecules should 
favour the direct action of the y-rays and the reactions
between astaxanthin and the free radicals produced in the 
medium.
in unboiled as well as in boiled shrimps the 
vulnerable sites of the carotenoids accessible to free 
radical attack are more or less protected by the associated 
or surrounding proteins.
It was clearly shown that changes in colour will 
certainly not be the limiting factor when radurizing 
shrimps.
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